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INTRODUCTION 


The  objectives  of  this  program  were  to  provide  a detailed  evaluation 
of  the  interaction  of  a high-power  laser  beam  with  selected  materials 
and  to  identify  the  influence  of  inherent  or  induced  defects  on  the 
development  of  damage  within  these  materials.  The  program  has  included: 

**  Design,  development,  and  calibration  of  a coupled 
laser-scanning  electron  microscope  (SEM)  system 
for  in-situ  examination  of  laser  damage  to  selected 
material  during  pulsed  laser  bombardment  or  subsequent 
to  CW  laser  exposure. 

• Evaluation  of  the  mechanisms  of  damage  to  window  materials 
during  pulsed  or  CW  laser  exposure. 

• identification  of  microstructural  defects  in  CdTe  and 
correlation  with  increased  infrared  absorption  at  10.6  [Jtm . 

• Microstructural  evaluation  of  polycrystalline  ZnSe  laser 
window  materials  and  identification  of  defects  responsibl 
for  localized  banding  and  scatter  at  10.6  /Ltn. 

• Evaluation  of  the  influence  of  coatings  on  the  magnitude 
of  ' aser-induced  stresses  in  materials. 

• Correlation  of  the  induced  stress  wave  profiles  and  the 
dynamics  of  the  plasma  produced  by  laser  irradiation 
of  plane  solid  targets. 

• Identification  of  the  transient  and  permanent  changes  in 
the  infrared  absorption  of  single  crystal  and  poly- 
crystalline (mixed)  KC1  samples  exposed  to  pulsed  or  CW 
ionizing  radiation. 

• Investigation  of  the  influence  of  microdefects  on  the 
radiation  induced  infrared  absorption  of  ZnSe  at  10.6  fjm. 
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This  report  summarizes  progress  and  results  obtained  during 
the  research  program.  Interim  Annual  Reports  1 to  3 and  journal 
articles  1 through  11  provide  detailed  descriptions  of  the  research. 
Reprints  of  articles  are  attached  as  Appendices  A through  H. 


PROGRAM  SUMMARY 

During  the  first  year  of  this  program,  we  developed  a system  for 
examining  in  situ  the  development  of  microstructural  surface  damage 
during  laser  irradiation.  For  this  system,  a scanning  electron  micro- 
scope (SEM)  was  modified  to  accept  a laser  beam  into  the  sample  cavity. 
Electronic  triggering  circuitry  was  developed  to  allow  monitoring  of 
the  surface  during  CW  laser  irradiation  or  after  pulsed  laser  bombardment 
by  the  introduction  of  a fixed  delay  between  the  firing  of  the  laser 
and  the  initiating  of  a single-raster  SEM  scan.  The  SEM  was  then  used 
to  obtain  information  on  the  development  of  damage  as  a function  of 
laser  intensity  and  irradiation  time. 

During  the  second  year  of  the  program,  research  continued  on  the 
evaluation  of  parameters  influencing  the  progression  of  damage  in 
selected  IR  laser  window  materials.  We  conducted  a detailed  evaluation 
of  microstructural  defects  in  CdTe  and  correlated  the  data  with  the 
infrared  absorption  coefficient  at  10.6  /in.  The  influence  of  thin-film 
coatings  on  the  magnitude  of  laser-induced  stress  in  targets  was  also 
investigated,  and  initial  work  was  begun  on  the  correlation  between 
measured  plasma  profiles  and  momentum  transfer  in  a sample  irradiated 
by  a pulsed  laser  beam. 

In  the  third  year,  we  completed  the  analysis  of  plasma  expansion 
and  momentum  transfer  at  the  surface  of  laser-irradiated  targets,  and 
conducted  experiments  on  mixed  and  single  crystal  KC1  samples  to  assess 
the  influence  of  high-energy  electrons  on  the  infrared  absorption  at 
10.6  /in.  The  studies  included  simultaneous  CW  electron  and  F-light 
irradiation  to  determine  the  correlation  between  F-aggregate  centers 
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and  infrared  absorption.  In  addition,  during  this  period,  we  completed 
the  identification  of  scatter  and  absorption  sites  responsible  for  the 
decreased  infrared  transmission  in  polycrystalline  ZnSe  samples. 

In  the  final  year,  we  investigated  the  influence  of  pulsed  ionizing 
radiation  on  the  transient  and  steady-state  infrared  absorption  of  single 
crystal  KC1  and  polycrystalline  KC1-EuC12  mixed  samples.  The  objective 
of  these  studies  was  to  determine  the  correlation  between  possible  "spike” 
infrared  absorption  during  and  subsequent  to  pulsed  ionizing  radiation 
and  the  creation/annihilation  times  for  F-  and  F-aggregate  centers. 

Using  a pulsed  600  kV  electron  beam  of  3-ns  duration,  we  found  that  the 
F-center  absorption  increased  rapidly  during  the  first  200  ns  after 
electron-beam  irradiation.  Subsequent  F-center  absorption  increased 
slowly  and  reached  a saturation  limit  after  =*■  1 /Lis . Simultaneous 
exposure  of  the  sample  to  Hg  lamp  illumination  and  pulsed  electron 
irradiation  resulted  in  a slow  (t  >1  fJs ) conversion  of  F-centers  to 
M-centers.  Thus,  the  results  indicate  two  regions  of  radiation 
induced  10.6  iJm  absorption.  The  first  "spike”  absorption  occurs  within 
200  ns  after  electron-beam  irradiation  and  is  correlated  with  rapid 
charge  mobility  and  creation  of  F-centers  in  the  KC1.  The  second 
10.6  )Jm  absorption  region  is  correlated  with  F to  M conversion  and 
occurs  slowly  at  t > 1 /Us  after  electron  irradiation.  The  steady-state 
10.6  f#n  absorption  was  shown  to  be  proportional  to  the  M-center  density, 
which  is  in  agreement  with  results  obtained  earlier  in  this  research 
program . 
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APPENDIX  A 


REPRINT 

"CORRELATION  OF  STRESS  WAVE  PROFILES  AND  THE  DYNAMICS  OF  THE 
PLASMA  PRODUCED  BY  LASER  IRRADIATION  OF  PLANE  SOLID  TARGETS" 


By 

P.  Krehl,  F.  Schwirzke  and  A.  W.  Cooper 
(Journal  Applied  Physics  46,  4400  (1975)) 


Correlation  of  stress-wave  profiles  and  the  dynamics  of  the 
plasma  produced  by  laser  irradiation  of  plane  solid  targets 

P.  Krehl* 

Pouller  I.aboratory.  Stanford  Research  Institute.  Menlo  Park.  California  94025 

F.  Schwirzke  and  A.  W.  Cooper 

Department  of  Pliyxics.  Suva  I Poxtpruduate  School.  Monterey,  California  93940 
(Received  17  March  1975) 

The  interaction  of  20-nsec  300-MW  pulses  of  l.tib-/ini  laser  radiation  with  thick  aluminum  targets  in 
vacuum  has  been  studied.  The  time  history  of  the  target  impulse  has  been  measured  with  a Saudta  quartz 
gauge.  A time  sequence  of  plasma  density  maps  constructed  from  floating  double-probe  data  has  been  used 
with  measured  expansion  velocities  to  estimate  the  plasma  momentum.  The  results  show  that  the  stress 
wave  is  predominantly  produced  by  about  10%  of  the  evaporated  target  material  which  is  ionized  and 
expands  from  the  surface  in  the  form  of  a hot  plasma  during  and  shortly  after  the  laser  pulse.  The 
estimated  momentum  of  the  plasma  and  neutral  emitted  particles  is  5 b gcm/sec  for  a typical  case 
compared  with  the  measured  target  impulse  of  6.1  gcm/sec. 

I'ACS  numbers:  52  50  J,  79.20  D 


I.  INTRODUCTION 

In  the  interaction  of  high-power  pulsed  laser  radia- 
tion with  a solid  target,  gas  breakdown  and  subsequent 
plasma  formation  in  the  vicinity  of  the  surface  dominate 
the  later  transfer  of  energy  and  momentum  to  the  solid. 
Studies  of  the  interaction  in  an  air  atmosphere  have 
demonstrated  the  appearance  of  laser-supported  absorp- 
tion waves, 1-1  initiated  by  air  breakdown  close  to  the 
surface  and  propagating  in  the  direction  of  die  laser. 
After  the  initiation  the  target  is  partially  or  completely 

chinlrloH  frotva  t h r»  innm>ii  nrr  roHioHnn  t-nr  frhr>  hVacz  xrhi  nrr 
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plasma  layer,  and  further  momentum  transfer  to  the 
target  occurs  through  pressure  buildup  behind  the  shock 
front.'1,5  In  this  way  the  magnitude  of  the  target  impulse 
may  be  increased  above  the  vacuum  value,  and  its 
duration  extended  beyond  the  laser  pulse  length.  The 
target  heating  is  by  energy  transfer  from  the  shocked 
air,  and  the  heated  area  may  be  many  times  the  focal 
spot  size.  In  the  absence  of  atmosphere,  a hot  dense 
plasma  is  formed  on  the  surface  by  initial  ablation  of 
t.i  ■•got  materia'  and  further  ionization  and  Heating  by 
laser  radiation  absorbed  through  the  inverse  b reins - 
strahlung  mechanism  in  the  plasma  layer  at  critical 
density.  At  plasma  densities  above  critical,  radiative 
transport  of  laser  energy  is  cut  off,  and  heat  conduction 
by  electrons  becomes  the  principal  mechanism  of  energy 
transport  through  the  overdons"  plasma  to  the  target. 
Temperature  and  density  gradients  determine  the 
dynamics  of  the  expanding  plasma;  thus  the  target 
effects  in  die  interaction  depend  not  only  on  the  intensi- 
ty, pulse  duration,  and  wavelength  of  the  laser,  but  also 
on  the  plasma  parameters  which  determine  the  trans- 
port of  energy  and  momentum  to  the  surface.  Previous 
measurements  have  been  reported15  of  the  total  impulse 
transmitted  to  thin  targets  in  vacuum,  as  measured 
with  a ballistic  pendulum.  In  the  present  investigation 
the  continuous  time  history  of  the  target  impulse  has 
been  measured  with  a quartz  p ■ .sure  gauge,7  in 
plasma  propel  ties  measured  tin  . r almost  nlenti,,al  con- 
ditions. The  objective  of  this  s'  . iv  was  to  correlate  the 
measured  dynamics  of  the  plasm  > nth  the  sirens  pulses 
propagating  into  the  target. 


II.  PLASMA  PRODUCTION  BY  LASER  IMPACT 
AND  STRESS  PRODUCTION 

The  “skin  depth”  for  the  high-frequency  radiation  of 
a neodymium  laser  in  aluminum  is  only  50  A.  The  num- 
ber of  atoms  exposed  to  the  radiation  in  the  small  disk 
given  by  this  skin  depth  and  a focal  spot  of  5-mm  diame- 
ter is  about  GxlO15.  To  ionize  these  particles  and  heat 
the  plasma  to  a few  eV  would  require  only  about  10'2  J, 
a small  fraction  of  the  available  laser  pulse  energy  of 
about  G J.  Hence,  a dense  high -temperature  plasma 
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rapid  ionization  and  healing  of  the  target  material 
generates  a plasma  of  almost  solid-slate  density  with 
particle  density  ranging  from  «~1CT’  to  1023  cm'3.  The 
plasma  frequencies  corresponding  to  these  densities 
are  higher  than  the  neodymium  laser  frequency,  so  that 
further  propagation  of  the  laser  radiation  to  the  target 
beyond  the  critical  plasma  density  of  ur=-102'  cm'3  is 
inhibited.  Most  of  the  laser  radiation  is  then  absorbed 
via  inverse  bremsstrahlung  in  a thin  layer  of  plasma  in 
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.*  distance  from  target  surface 

T'IC>.  1 . Schematic  f‘f  plasma  density  and  plasma  temperature 
i;i  front  of  a solid  ! The  incident  laser  light  is  absorbed 

in  a tire  lnvci  .tear  t'.<'  critical  density  nc  r lo1  cm“J,  resulting 
in  rap. (I  hratin  : and  expansion. 
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front  of  tfio  target  where  the  plasma  frequency  is  el<>  e 
to  the  laser  frequency.  Tins  is  sho.vn  seliem.itienllv  in 
f-’ig.  » 


The  healing  process  produces  temperature  and  pres- 
sure gradients.  The  temperature  gradient  causes  elec- 
tronic heat  conduction  through  the  overdense  plasma  to 
the  target  and  thus  further  vaporization  and  ionization 
of  the  target  material,  Pressure  gradients  cause  tlie 
plasma  to  expand,  with  the  absorbing  plasma  layer  at 
the  critical  density  propagating  towards  the  laser  in  the 
form  of  a laser-supported  detonation  wave. 

The  temperature  of  the  plasma  is  determined  by  the 
rate  of  energy  increase  due  to  laser  heating  and  the  rate 
of  energy  loss  due  to  plasma  expansion.  The  ions  and 
electrons  are  assumed  to  have  the  same  temperature 
and  propagation  velocity  so  that  the  plasma  can  be  re- 
garded macroscopically  as  quasineutral.  The  plasma 
expands  ndiabatically  and  most  of  the  thermal  energy 
of  the  plasma  shows  up  as  kinetic  expansion  energy  of 
the  ions.  After  laser  shutoff  the  acceleration  rapidly 
approaches  zero  and  the  plasma  expansion  velocity 
approaches  an  asymptotic  value  as  the  temperature 
decreases  to  small  values. 

The  evaporation  of  target  material  and  the  subsequent 
laser  heating  of  the  plasma  at  the  critical  density  layer 
produce  a stress  pulse  which  propagates  into  the  target. 
Damage  to  the  target  can  be  observed  in  the  form  of 
mass  ejecta  craters  and  fractures,  depending  upon  the 
energy  density  of  the  laser  beam  and  the  pulse  duration. 
Even  after  laser  shutoff,  vaporization  of  surface  mate- 
rial will  continue  for  an  appreciable  time  until  the  sur- 
face temperature  decreases  below  the  vaporization 
temneraiure  (ihvimmly  a flptnijod  description  of  the 
plasma  and  neutral  particle  blowoff  from  the  target 
surface  is  involved.  However,  a description  of  the 
processes  in  the  laser-heated  surface  layers  can  be 
avoided,  when,  as  in  shock-wave  theory,  the  conserva- 
tion of  mass,  momentum,  and  energy  is  considered. 

The  mechanical  Impulse  /(/)  resulting  from  the  blowoff 
of  target  material  is  given  by  the  integral 

i(l)  =A  f0'P,(.t)c/l,  (1) 


with  A being  the  area  of  the  focal  spot  and  l\(l)  the 
stress  in  the  target.  The  impulse  is  produced  by  the 
neutral  and  charged  particles  which  leave  Hie  target 
surface  in  the  normal  direction  (at  low  energy)  or  which 
impact  the  surface  from  the  rapidly  expanding  plasma 
layer  (at  high  energy): 

;(/)  mp',(/);Y,(/)  4 m,',(.(/)N,,(/)  4 m„r„(/)A’„(/), 

with  v,  w,  and  N being  the  velocity,  number,  and  mass 
of  the  ions,  electrons,  and  neutral  atoms.  Since  the 
plasma  is  quasineutral,  r0  =!',  and  with  m,  =m„  one 
obtains,  neglecting  the  small  contribution  of  the  impulse 
of  the  electrons, 

t(f)  = w„[i',(f)Af,(f)  4 rn(l)N„(t)l  (2) 

The  contribution  of  the  neutral  atoms  to  the  impulse 
cannot  be  measured  directly.  However,  during  and  just 
after  laser  impact,  ihe  evaporated  target  material  has 
still  a high  temperature  and  is  mostly  ionized,  so  that 
Eq.  (2)  can  be  simplified  to 

/(/)  = >»„)', (f)  A’,(/). 

The  velocity  of  the  ions,  />,(/),  can  be  measured  with  an 
electrostatic  double  probe  and  the  number  of  ions  A ',(/) 
can  be  estimated  from  a spatial  integration  of  the  ion 
density  distribution  of  the  plasma  cloud  so  that  the 
impulse  /(/)  due  to  the  plasma  blowoff  can  be 
determined. 

III.  EXPERIMENTAL 

A schematic  of  the  experimental  arrangement  is 
shown  in  Fig.  2.  The  laser  used  is  a Q-swilched  Korad 
II-15CC  OociitukOi  iicuuy nuuin  r»yatcin  wilh  ail 

output  ranging  from  4 to  11,5  J.  The  pulsewidth  at  half- 
peak-power  is  25  nsec.  The  ,-in.  -diam  beam  is  focused 
by  means  of  a 28-cm-focal-length  lens  into  a vacuum 
chamber  and  strikes  the  target  at  an  angle  of  30°  with 
respect  to  the  target  normal.  The  resultant  plasma 
expands  along  the  target  normal.  The  choice  of  a 30 
incident  angle  permits  probing  of  the  plasma  along  the 
target  normal  without  having  the  laser  beam  strike  the 
probes.  Two  different  focal  spot  sizes  of  5-  and  1. 5-mm 


QUARTZ  VACUUM 

GAGE  EPOXY  CHAMBIR 


FIG.  2.  Experimental  configuration  for 
measuring  plasma  density  and  expan- 
sion velocity  in  front  of  the  target  and 
stress-wave  propagation  in  its  interior. 
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diameter  were  used.  A large  focal  spot  size  is  required 
for  proper  stress  profile  measurement,  while  a small 
focal  spot  size  permits  plasma  density  probing  for  near- 
ly the  whole  - uter  half-space  with  the  exception  only  of 
the  incident  narrow  laser  beam  cone. 

The  target  consists  of  1 145 -aluminum  and  is  a disk 
of  lD-mm  diameter  and  2-mm  thickness.  It  is  glued  by 
epoxy  on  a 1 -111111-thick  quartz  stress  gauge  (Valpey 
Curp.  1 of  die  Samba  type.’  Using  a shunt  resistor  of 
50  1>.  the  sensitivity  of  the  gauge  is  1.09  111V  bar.  The 
recording  time  of  the  stress  history  is  determined  by 
the  thickness  of  the  gauge  and  amounts  to  175  nsec.  A 
longer  regime  would  lie  desirable  for  shots  in  air,  but 
would  require  a thicker  gauge.  To  provide  at  least  a 
ratio  of  5 : 1 for  the  inner  electrode  diameter  to  the 
gauge  thickness,  which  is  a condition  for  proper  gauge 
operation,  a larger  focal  spot  size  would  be  necessary 
for  homogeneous  loading  conditions.  However,  to  main- 
tain the  same  power  density  in  the  focal  spot,  a higher 
energy,  exceeding  that  available,  would  be  required. 

Tiie  propagation  time  of  the  stress  wave  from  the  front 
to  the  back  surface  of  the  target  is  311  nsec  and  is 
large  compared  to  the  recording  time  of  the  stress 
gauge,  so  that  reflections  at  the  interface  of  target  and 
gauge  cannot  interfere. 

Thi>  lasc.  uise  is  monitored  with  a photodiode  and 
is  displayed  for  time  reference  together  with  the  stress 
pulse. 

Tie  dynamics  of  the  plasma  are  investigated  by 
means  of  an  electrostatic  double  probe"  which  permits 
Uk  si  measurement  of  the  plasma  density  as  a function 

. • . I'vji  .tk-L.vt  i .ut'  Jeu'i'liuiutuuit  <n  imj  velocity  ui 

tie  ' Mm  tiding  plasma  body,  a tandem  double  probe  was 
u-  ■ i to  allow  simultaneous  sampling  of  the  same  plas- 
ma. The  double-probe  circuit  was  electrically  isolated 
from  the  target  and  chamber,  thus  overcoming  the  prob- 
luii  ui  providing  a stable  reference  potential  in  electri- 
cal contact  with  the  plasma  as  required  for  single-probe 
ope  cat  ion.  The  limiting  double  probe  consists  of  two 
id-  ntii  al  small  tungsten  wires  of  0.  024-cm  diameter 
with  a : pacing  of  0.  0(1  cm,  projecting  0.  19  cm  from 
the  end  of  a thin  .g.sulating  shatt  and  connected  external- 
1 to  .1  20- V potential  source  and  a 3.8-0  resistor  for 
currcnl  readout.  1'he  double  probes  were  always  ori- 
e:  1 ,h  thi  plan'  o!  the  wires  normal  to  the  plasma 

CM  . in'  • lirccticn  The  ion  density  w,  can  be  evaluated 
us  ’ 

1.59  xio2"  f.'/r,  cm'3,  (3) 

vis:,,  r (V)  is  the  probe  output  voltage  generated  across 
3 r,  (cm  sec)  the  ion  velocity.  The  typical 

oscilloscope  setting  of  100  nsec,  div  and  2 V'div  gave 
a ■ i 1 cement  sensitivity  of  about  10‘2  cm’3  or  11.  The 
del ",  t . a hmit  was  approximately  1 *10“  cm'3. 

IV  t M’EKIMENTAL  RESULTS 
A.  Sii  css- wave  measurements 

1 01  a local  spot  a. only  5 mm,  the  strain  in  the 

qua  1 ’ . . is  no  longer  uniaxial,  because  rarefaction  waves 
fr  :i  i in  t,|rr  of  the  target  and  the  gauge  make  die 
. 1 1 ■ ,.h.’  profile  narrower  than  the  5-nim  diameter 

d p"  m or  electrode  of  the  gauge.  Since  the  velocities 
ut  tin  .’.e:,.-  wave  and  the  rarefaction  are  closely 


similar,  the  stress  profile  reduces  at  about  a 45°  angle. 
In  this  case  the  measured  pressure  profiles  must  be 
corrected  both  in  shape  and  amplitude.  The  correction 
required  can  be  obtained  empirically  from  gas  gun  ex- 
periments in  which  a known  shock  stress  is  imparted  to 
the  gauge  by  impact  of  a projectile  with  a 5-mm-diam 
head,  and  the  resulting  gauge  output  associated  with  the 
magnitude  of  the  input  stress.  The  measured  stress  in 
the  quartz,  P „ must  bo  related  to  the  stress  in  the 
target,  P,.  For  waves  that  are  linearly  elastic,  Uie 
relation  is 

PSV,P,  +v,,:,)/2  vqp„  14) 

where  p is  the  initial  density  and  v the  elastic  wave 
velocity  of  either  the  quartz  or  the  target.  For  alumi- 
num as  target  material,  Eq.  (4)  becomes  /\,  1.07/’a. 

It  should  be  noted  that  for  inhomogeneities  in  the 
target,  such  as  large  grain  sizes  or  textures,  the 
stress  at  the  entrance  surface  of  the  target  might  differ 
considerably  from  the  stress  the  gauge  receives.  Since 
the  rise  time  of  the  pressure  pulse  can  amount  only  to 
a few  nanoseconds,  high-frequency  harmonic  compo- 
nents in  the  pulse  would  be  attenuated  significantly, 
resulting  in  a considerable  deformation  of  the  pressure 
pulse. 

Typical  stress-time  profiles  in  an  aluminum  target 
for  a shot  in  vacuum  ( 1 0 " 3 Torr)  and  in  air  at  atmo- 
spheric pressure  are  shown  in  Fig.  3a.  The  stress 
pulse  rises  nearly  as  steeply  as  the  laser  pulse  and 
reaches  a peak  pressure  of  800  bar.  For  a shot  in  air, 
which  is  shown  only  for  comparison,  but  not  used  later 


TTG.  3.  (.1)  Reproduction  of  oscillograms  from  recording  of 
strew-  time  history  tor  hirer  tr  mil  inner  of  n n nh.nnlmim  to  • get 
in  air  and  vacenm  at  5-mm  focal  spot  diametf  r.  04  Cot-re - 
sponilie.:  Inn  nUc-t-me  hirtories  obtained  by  graphical  Integra- 
tion of  ti  e stress-time  profiles. 
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FIG.  4.  (n)  Typical  response  of  an  electric  double  probe,  lo- 
cated O.G  cm  from  the  target  surface  on  the  normal  axis.  An 
early  disturbance  precedes  the  main  plasma  bod\ . (1)1  Time  of 
passage  of  [he  main  plasma  front  versus  probe  position 
(Ref.  9). 

for  correlation  with  plasma  measurements,  the  peak 
pressure  is  less  than  half  of  that  obtained  for  a shot  in 
vacuum.  However,  the  stress  pulse  lasts  longer  than  the 
laser  pulse  and  exceeds  even  the  recording  time  of  the 
stress  gauge. 

To  determine  the  impulse  i{l)  these  stress  profiles 
were  graphically  integrated  and  are  shown  in  Fig.  3(b). 

It  is  obvious  that  the  rate  of  momentum  transfer  in- 
creases during  the  duration  of  the  laser  pulse,  de- 
creases after  shutoff,  and  ceases  at  about  120  nsec. 
During  laser  irradiation,  the  impulse  has  reached  only 
a fraction  of  its  final  value,  independently  of  the 
ambient  pressure.  For  laser  irradiation  in  vacuum, 
the  impulse  reaches  a final  value  during  the  recording 
time  of  the  gauge.  Although  the  peak  pressure  of  an  air 
shot  is  only  half  that  of  a vacuum  shot,  the  total  Impulse 
and  also  the  total  mass  removal  arc  higher  than  for  a 
shot  in  vacuum. 

B.  Plasma  measurements 

The  ion  density  profiles  of  the  expanding  plasma 
plume  were  taken  with  the  same  laser  energy,  but 
smaller  focal  spot  of  1.5-mm  diameter.  Comparative 


experiments  revealed  that  in  this  range  of  power  densi- 
ties no  significant  differences  in  the  expansion  behavior 
occur.  However,  a small  focal  spot  size  allows  a 
narrower  cone  of  the  incident  laser  beam  and  therefore 
probing  of  larger  solid  angles  of  Uie  outer  half-space. 
The  expansion  velocity  has  been  measured  and  the  plas- 
ma density  has  been  mapped  by  using  electrostatic 
double  probes.  A typical  probe  response  is  traced  in 
Fig.  4(a).  The  main  plasma  front  passage  times  were 
measured  as  function  of  probe  distance  z from  the  target 
[Fig.  4(b)  |.  As  can  be  seen,  the  plasma  front  propagates 
with  the  asymptotic  expansion  velocity  r, ~ 1, 1 x 107 
cm/sec.  Two  low-densilv  fast  plasma  pulses  were  ob- 
served before  arrival  of  the  main  plasma,  traveling  with 
constant  speeds  of  1.1x10°  and  5.9xl07  cm/sec. 

Relative  density  contour  maps  of  the  expanding  plas- 


FIG.  5.  Laser-produced  plasma  relative  density  contours  for 
target  trradianco  in  vacuum  at  three  different  time  Instants 
(after  brooks,  Hcf.  9):  ta)  Propagation  of  the  fast  early  dis- 
turbance with  about  1.1  xioRcm/scc.  (b)  Detachment  of  the 
main  plasma  body  from  the  target  with  about  1.1  x ] 0*  cm/sec. 
(c)  later  expansion  of  the  main  plasma  with  about 
5 xio'  cm/scc. 
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ma  for  different  times  are  given  in  Fig.  5(a)— 5(c).  For 
the  early  plasma  pulse,  the  probe  response  was  mapped 
at  20  nsec,  i.e. , during  laser  irradiation.  The  density 
map  [Fig.  5(a))  shows  that  at  this  time  the  early  expan- 
sion propagates  along  the  reflected  laser  beam  and 
separates  from  the  main  plasma  pulse.  The  early  dis- 
turbance then  moves  rapidly  out  of  the  observation  re- 
gion, and  subsequent  figures  at  later  times  contain  only 
main  plasma  contours.  For  times  greater  than  50  nsec, 
the  plasma  expands  symmetrically  around  the  target 
normal.  The  self-induced  magnetic  fields  in  the  plasma 
create  a confining  force  that  produces  the  typical  cylin- 
drical shape  of  the  plasma  plume. 10  At  later  times,  the 
expansion  of  the  plasma  slows  down  and  the  innermost 
contour,  representing  the  highest  measured  ion  density, 
reaches  its  largest  extent  at  400  nsec. 

V.  DISCUSSION 

For  a quantitative  correlation  between  stress  profiles 
and  plasma  dynamics,  the  absolute  number  of  ions 
jV,(<)  has  to  be  determined.  This  involves  the  problem 
of  transforming  the  relative  ion  density  contours  of 
Fig.  5(a)— 5(c)  [i.e.,  the  voltage  contours  Ut(,t) ] into 
absolute  ion  densities  ns(f).  This  can  be  accomplished 
directly  by  applying  Eq.  (3)  only  if  the  appropriate  v, 
of  every  contour  is  known.  Out  of  a sequence  of  density 
contour  maps  taken  at  intervals  of  10  nsec,  one  can 
determine  the  propagation  velocities  of  the  contours 
which  until  120  nsec  after  laser  onset  are  very  close  to 
the  velocity  of  the  leading  edge  of  the  main  plasma  body, 
i.e.,  1. 1 xlO7  cm/sec.  However,  at  later  times  [e.g., 
at  400  nsec,  Fig.  5(c)]  the  plasma  ion  cloud  expands 
more  slowly  in  the  radial  than  in  the  axial  direction;  the 
difference  is  about  50%.  Therefore,  at  later  times  the 
ion  velocity  differs  along  the  voltage  contours  so  that 
the  shape  of  the  estimated  absolute  ion  density  map  is 
no  longer  identical  with  the  measured  relative  ion  densi- 
ty map.  However,  reasonable  estimates  can  be  made 
from  a time  sequence  of  density  contours.  From  the 
density  contour  maps  of  Fig.  5,  the  number  of  ions  at 
three  different  times  can  be  estimated:  A”, (20  nsec) 

= lxl0‘<;  tfj(120  nsec)  = 5 xlO11,  and  the  maximum 
Nj(400  nsec)  = 1 xlO16.  This  shows  that  the  number  of 
particles  in  the  early  pulse  is  estimated  to  be  about  1% 
of  the  main  plasma.  It  also  shows  that  the  number  of 
ions  can  still  increase  after  laser  irradiation  has 
ceased,  perhaps  by  particle  flow  from  the  inner  core  of 
the  plasma  cloud  to  outer  parts.  Experiments  by  others 
have  shown  that  the  core  which  detaches  from  the  target 
and  moves  towards  the  laser  has  a high  plasma  temper- 
ature and  therefore  represents  a considerable  source  of 
soft  x-rays.11  The  ion  density  in  the  core  cannot  be 
measured  by  the  electric  probe  because  of  its  limited 
dynamic  range.  However,  it  is  quite  possible  that  the 
core  contains  a high  ion  density  at  120  nsec  which  is 
partly  released  at  400  nsec  and  measured  by  the  probe. 
Assuming  that  the  10“  ions  measured  at  400  nsec 
already  existed  at  120  nsec,  at  which  time  the  density 
contour  lines  are  traveling  with  approximately  the  front 
velocity  of  1. 1 x 10’  cm/sec,  the  total  plasma  momentum 
in  the  direction  normal  to  the  target  can  be  estimated 
as  5. 0 g cm/sec. 

To  estimate  the  total  momentum  transferred  to  the 
laser-irradiated  target,  one  must  determine  also  the 
number  of  neutral  atoms  evaporated  per  shot  [see  Eq. 


(2)].  The  target  was  weighed  before  and  after  a total 
of  234  shots. 9 For  an  average  incident  pulse  of  300  MW, 
about  1011  aluminum  atoms  were  removed  per  shot. 
Since  the  total  number  of  ions  amounts  to  10“,  it  can  be 
concluded  that  90%  of  the  particles  ejected  per  incident 
laser  pulse  are  neutral  atoms  which  evaporate  from  the 
target. 


To  gain  further  insight  into  this  evaporation  process, 
a theoretical  model  was  assumed  to  predict  the  tem- 


perature rise  at  the  surface  and  in  the  target  as  a func- 
tion of  time.  The  model  assumes  uniform  radiation 
incident  normally  on  an  infinite  plane  solid  so  that  heat 
flow  is  one -dimensional,  that  all  incident  energy  is 
absorbed  and  not  shielded  by  a plasma  skin  at  critical 
density,  that  the  thermal  properties  of  the  medium  do 
not  change  with  power  density  or  temperature,  and  that 
the  medium  does  not  undergo  a phase  change.  The  laser 
pulse  is  assumed  Gaussian  in  time.  The  solution  is 
compared  with  that  for  a rectangular  pulse  of  pulsewidth 
26  and  amplitude  P0,  having  the  same  energy  as  the 
Gaussian  pulse.  The  Gaussian  pulse  can  be  regarded 
as  a sum  of  q columns  of  equal  width  ",  but  varying 
power  density.  Since  a rectangular  pulse  of  duration  r 
can  be  written  as  the  difference  of  two  Heaviside  func- 
tions which  are  given  in  the  literature, 12  the  change  in 
temperature  AT  can  be  defined  as  a superposition  of  all 
the  temperature-time  profiles  of  the  individual  columns. 
The  solution  is  given  by 


f ferfc 
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For  aluminum  as  the  target  material,  K is  the  thermal 
conductivity  =2.37  W/cm'K,  k is  the  thermal  diffusivi- 
ty  =0.97  cm2 sec’1,  P0  is  the  power  density  of  rectangu- 
lar pulse  =1.29x10’  W/cm2,  q=26/r  is  the  number  of 
columns,  r is  time  (sec),  Z is  depth  (cm),  starting  at 
the  back  side  of  target  of  thickness  d (cm),  o 
= 6/(2  In2)*/J  (sec). 

Figure  6 shows  the  total  temperature-time  profiles 
for  different  depths  in  the  target.  The  time  where  the 
surface  temperature  exceeds  the  evaporation  tempera- 
ture is  very  long,  about  10  (isec.  Therefore  it  can  be 
concluded  that  the  process  of  evaporation  lasts  at  least 
several  orders  of  magnitude  longer  than  the  onset  of 
laser  irradiation.  The  figure  also  shows  that  the  tem- 
perature decays  very  fast  under  the  surface  and  that  the 
stress  wave  propagates  into  a medium  which  is  still  at 
room  temperature. 

The  average  thermal  velocity  of  the  neutral  atoms  can 
be  determined  by 

F„  = (3  kT/mY'\  (5) 


where  k is  the  Boltzmann  constant,  T is  the  absolute 
temperature,  and  m = 4. 5 xlO”  g is  the  mass  of  the 
aluminum  atom.  For  the  evaporation  temperature  of 
aluminum,  T = 2333”K,  Eq.  (5)  becomes  ti„  = 1 . 46x10* 
cm/sec. 
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FIG.  6.  Computed  target 
temperature  as  function  ot 
time  after  laser  onset  of 
radiation  on  an  infinite 
aluminum  slab  target  of 
2 -mm  thickness.  Solu- 
tions are  shown  for  a 
Gaussian  pulse  (solid 
curve)  and  for  an  assumed 
ideal  rectangular  pulse 
(broken  curve)  of  the 
6ame  energy,  both 
starting  at  time  zero. 
These  curves  show  no 
appreciable  difference 
after  the  first  100  nsec. 


L 


The  degree  of  ionization  or  of  the  evaporated  material 
at  temperature  T can  be  estimated  by  the  Saha 
equation13 


where  P , and  P„  are  the  internal  partition  functions  of 
the  singly  ionized  and  of  the  neutral  target  material, 
n = ne  +n,  +n„  = 1023  particles/cm3  (solid  density 
assumed),  m,  is  the  mass  of  electron  =9. 1 xlO'2B  g, 
h is  Planck’s  constant  = 6.626xl0‘27  erg  sec,  V is  the 
ionization  potential  =5.96  V.  As  Table  I shows,  the 
degree  of  ionization  is  small  for  evaporated  material, 
even  if  the  temperature  is  several  thousand  degrees 
above  the  boiling  point.  Also  the  velocity  of  the  neutral 
atoms  remains  small  compared  to  the  ion  velocity 
v{  = 1. 1 xlO7  cm/sec.  Thus  plasma  development  in  the 
vaporized  metal  followed  by  energy  absorption  through 
the  inverse  bremsstrahlung  process  must  be  invoked 
to  account  for  the  measured  plasma  densities,  which 
must  therefore  occur  during  the  laser  pulse.  We  assume 
that  the  plasma  at  this  time  is  highly  ionized  and  ex- 
panding rapidly,  while  surface  material  evaporated 
later  by  residual  target  heat  and  by  heat  transport 
through  the  plasma  remains  un-ionized  and  expands  at 
the  ion  thermal  velocity  corresponding  to  the  vaporiza- 
tion temperature.  Since  we  have  0.9xl017  neutral  atoms 
leaving  the  target  surface  with  an  average  speed  of  at 
least  1.4xl05  cm/sec,  the  impulse  contributed  by  the 
neutral  particles  amounts  to  about  0.  6 g cm/sec.  This 
added  to  5 g cm/sec  contributed  by  the  ions  gives  an 
estimated  total  impulse  of  5.6  g cm/sec,  which  is  in 
reasonable  agreement  with  the  measured  impulse  of 
6. 1 gcm/sec. 

A similar  comparison  can  be  carried  out  at  an  earlier 
time,  before  the  measured  impulse  has  reached  its 
maximum.  Using  the  plasma  density  contours  at  20  nsec 
from  Fig.  5(a)  and  the  "early  plasma”  expansion  veloci- 
ty we  arrive  at  an  impulse  of  0. 1 gcm/sec,  which 
agrees  with  the  measured  pressure  gauge  reading  for 
the  same  time  lrom  Fig.  3(b). 


VI.  CONCLUSIONS 

Measurements  have  been  made  of  the  time-resolved 
plasma  density  contours  and  expansion  velocities  pro- 
duced by  laser  irradiation  of  a solid  target,  and  com- 
parisons have  been  made  with  target  impulse  measured 
with  a quartz  pressure  gauge.  Integration  of  the  density 
contours  has  indicated  a total  ion  number  of  1016  per 
laser  pulse,  while  mass  removal  measurements  show 
that  1017  aluminum  atoms  are  removed  from  the  target 
by  each  pulse.  Thus  10%  of  the  total  ejected  mass 
appears  in  ionized  form.  A comparison  of  the  momen- 
tum of  these  ions  with  the  response  of  the  stress  gauge 
shows  that  the  ionized  particles  account  for  80%  of  the 
total  momentum  transferred  to  the  target.  Attributing 
the  thermal  velocity  at  evaporation  temperature  to  the 
neutral  atoms  ejected  accounts  for  a further  10%:  the 
remaining  10%  may  be  related  to  undetected  ions  or  to 
an  underestimate  of  the  neutral  particle  expansion 
velocity.  This  indicates  that  the  target  impulse  is 
dominated  by  the  fast-moving  ionized  component  of  the 
blowoff  material.  It  is  also  possible  to  correlate  the 
time  history  of  the  impulse  with  the  laser  pulse.  Com- 
parison of  the  density  contours  with  the  pressure-time 
record  indicates  that  the  plasma  cloud  detaches  from  the 
target  as  the  impulse  reaches  its  maximum  value.  The 
example  cited  shows  agreement  to  10%.  Inherent 
limitations  on  the  method  make  it  impractical  to  attempt 
a more  precise  comparison.  The  use  of  electrostatic 
probes  for  plasma  density  determination  with  the  need 
for  the  absolute  particle  velocity  in  the  calibration  rela- 

TABLE  1.  Dependence  of  Saha-equation  predictions  of  degree  of 
ionization  a,  and  neutral  atomic  thermal  velocity  for  evapo- 
rated target  material,  on  target  surface  temperature.  F,  and 
F„  are  ion  and  neutral  partition  functions. 


T <"K) 

p, 

p« 

a 

vn  d0b  cm/sec) 

2000 

1 

5.  692 

8.62  x ] o-l 0 

1.35 

300 0 

1 

5.  792 

3.  68  x]  0*7 

1.66 

■ 4000 

1 

5.  843 

8. 08X10-* 

1.92 

5000 

1 

5.  874 

5.37X10-* 

2.14 

6000 

1 

5.895 

1.94  xio-* 

2.34 

7000 

1 

5.94  7 

4.94  xl 0J 

2.  53 
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tion,  and  the  limited  dynamic  range  which  prevents  the 
measurement  of  the  higher-density  contours,  limit  the 
precision  of  the  plasma  measurement  of  the  neutral 
particle  component. 
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The  Influence  of  High  Energy  Electron  Irradiation 
on  the  10.6  un  Absorption  of  Mixed  KC1  Crystals*^ 

by 

2) 

T.  J.  Magee,  N.  Johnson,  and  J.  Peng 
ABSTRACT 

Polycrystalline  potassium  chloride  crystals  alloyed  with  either 

KbCl,  KBr , or  EuCl  have  been  irradiated  with  1 MeV  electrons  at  a dose 

5 

rate  of  approximately  3.3  x 10  R/sec . Measurements  of  the  10.6  jfn 
absorption  coefficient  after  each  exposure  indicated  that  the  radiation 
induced  infrared  absorption  saturated  rapidly  as  a function  of  increasing 
electron  exposure  time.  Measurements  of  the  visible  and  near-infrared 
absorption  spectra  indicated  no  positive  correlation  between  F-  absorption 
centers  and  increased  infrared  absorption  at  10.6  JJm . A definite  correlation 
was  found  between  the  density  of  F-  aggregate  centers  and  the  change  in 
10.6  jjn  absorption.  In  particular,  it  was  found  that  the  largest  changes 
in  10.6  jin  absorption  can  be  associated  with  the  presence  of  R-centers  in 
the  mixed  crystals. 
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Polykristalline  Kaliumchloridkristalle  wurden  mi!  Beigaben  von 


RbCl  , KBr  Oder  EuCl^  hergestellt.  und  mit  1 MeV  Eloktronen  bestrahlt. 

Die  Dosis  betrug  annahernd  3.3  x 10"*  R/sec.  Messungen  des  Absorptions- 
koef fizienten  bei  10.6  jjn  nach  jeder  Bestrahlung  zeigten,  dass  die  durch 
die  Strahlung  hervorgerufene  In  1 rarotabsorption  als  eine  Funktion 
zunehmender  Elektronen  bestrahlungsdauer  sich  sehr  schnell  einem 
Sattigungswert  naherte.  Messungen  der  Spektren  im  Sichtbaren  und 
nahe-IR  zeigten  bei  10.6  tJn  keine  positive  Korrelation  zwischen.  F- 
Absorptions  zentren  und  steigender  Infrarotabsorption . Ein  ausdr'uck- 
licher  Zusammenhang  fand  sich  zwischen  der  Dichte  der  F-Aggregatzentren 
und  der  Veranderung  der  Absorption  bei  10.6  jjn . Insbesondere  stellte 
es  sich  heraus,  dass  die  grossten  Veranderungen  der  Absorption  bei 
10.6  j/n  mit  der  Gegenwart  von  R-Zentren  in  den  Mischkristallen  in 
Zusammenhang  gebracht  werden  konnen . 
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1 . In  troduction 


I 


\ 

I 


The  development  of  high-power  CO^  infrared  laser  systems  has  provided 
the  impetus  for  an  increased  number  of  investigations  on  the  use  of  alkali 
halide  materials  for  laser  windows.  Significant  improvements  have  been 
reported  both  in  terms  of  the  processing  of  materials  rl"'  and  the  under- 
standing of  the  influence  of  structural  defects  on  the  infrared  trans- 
mission characteristics.  Ionizing  radiation  has  been  shown  to  increase 
the  resolved  flow  stress  in  mixed  KC1  crystals  ^2~\  by  introducing  halogen 
interstitial  clusters,  [3*1  which  strengthen  the  material  for  laser  window 
applications.  [4]  However,  reports  on  the  alteration  in  the  10.6  LI" 
absorption  coefficient  and  the  correlation  with  radiation-induced  color 
centers  have  been  limited. 

In  an  earlier  investigation  T5l  of  KC1  single  crystals  subjected  to 

6 5 

relatively  high  dose  rate  (10  R/sec)  1 MeV  electron  and  (10  R/sec)  x-ray 
irradiations,  it  was  shown  that  the  10.6  i/n  absorption  coefficient  in- 
creased linearly  as  a function  of  dose  with  saturation  occurring  at  doses 

7 r . 

-'O  x 10  R.  Subsequent  experiments  by  Phillipi  |6J  on  x-irradiated  samples 

2 

tended  to  confirm  the  previous  results.  Using  lower  dose  rate  (2.8  x 10  R/sec) 
gamma  irradiation,  Lipson  et  al.  T?-]  recently  reported  that  the  change  in 
the  10.6  (jn  absorption  coefficient  of  undoped  KC1  could  be  associated  with 
the  presence  of  F-aggregate  centers. 

In  all  the  previous  studies,  experiments  were  conducted  on  undoped 
single  crystal  or  polycrystalline  KC1.  There  have  been  no  published 
reports  on  the  influence  of  high  dose-rate  electron  irradiation  on  the 
alteration  of  the  10.6  (jn  absorption  coefficient  of  mixed  or  doped  KC1 
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samples.  In  this  study,  we  have  concentrated  on  the  effects  of  1 MeV 
electron  irradiation  on  polycrystalline  KCl-KBr , KCl-HbCl  and  KCl-EuCly 
alloyed  crystals.  This  paper  reports  on  the  dose  dependence  of  the  induced 
change  in  infrared  absorption  and  the  correlation  with  F-  and  F-aggregate 
centers  after  electron  irradiation  and  subsequent  bleaching  with  F-  band 
light . 


2.  Experimental  Procedure 


Samples  used  in  this  study  were  processed  by  the  Honeywell  Corporation. 

The  samples  were  prepared  by  a hot  torging  technique  F B j and  included: 

1)  KC 1 alloyed  with  5 mol%  KBr,  2)  KC1  alloyed  witli  5 inol®  RbCl  , and 

3)  KC1  alloyed  with  0.05  mol  % EuCl  . Using  conventional  CO  laser 

2 2 

calorimetry  techniques,  [9,10l  we  determined  that  the  10.6  jjn  absorption 

-4  -1 

coefficients  averaged  ^ 8 x 10  cm 

Samples  were  prepared  for  irradiation  in  the  form  of  para llelopipeds 

2 

of  1 cm  and  0.14  cm  thickness,  a 1 .5  cm  surface  area,  and  subsequently 

5 

exposed  to  1 MeV  electrons  at  a dose  rate  of  3.3  x 10  R/sec . After 
each  exposure  the  10.6  lT>  absorption  coefficient  was  determined  by  laser 
calorimetry  and  the  absorption  spectra  monitored  in  the  visible  and 
near-infrared  regions  for- all  samples  with  a Beckman  DK-2  spectrophotometer. 
The  maximum  depth  of  visible  coloration  in  these  samples  was  determined 
to  be  ■**  1 . 3 mm . 

To  provide  suitable  control  data  and  to  assure  that  the  10.6  (jn 
measurements  were  indicative  of  a dose-dependent  change  in  infrared 
absorption,  a separate  set  of  samples  was  exposed  to  the  same  environ- 
mental conditions  but  not  subjected  to  electron  irradiation.  In  all 


! 
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cases  there  was  no  significant  change  in  the  10.6  fjn  absorption  coefficient 
of  the  control  samples.  In  additional  control  experiments,  selected 
samples  were  repolished  after  electron  irradiation.  The  10.6  (in  absorption 
coefficients  measured  after  repolishing  remained  essentially  unchanged 
from  the  post-irradiation  values. 

Bleaching  experiments  were  conducted  on  a number  of  the  irradiated 
samples  by  using  an  Hg-lamp  source  and  a Bausch  and  Lomb  monochromator. 

The  samples  were  exposed  to  0.55  p n light  for  periods  ranging  from  1 sec 
to  600  sec . 


3.  Results 

Figure  1 shows  a typical  optical  absorption  curve  obtained  on 

KCl-RbCl  illustrating  the  presence  of  F and  M-centers.  All  samples 

examined  showed  either  an  extremely  low  density  or  an  apparent  absence 

of  R and  N centers  following  electron  irradiation.  Figures  2 to  4 show 

the  F-  and  M-center  peak  absorption  coefficients  as  a function  of  exposure 

5 

time  in  a 1 MeV  electron  beam  at  a dose  rate  of  3.3  x 10  R/sec  for 

polycrystalline  KCl-KBr,  KCl-RbCl , and  KCl-EuCl^  samples,  respectively. 

Also  shown  is  the  induced  change  in  the  10.6  (jn  absorption  coefficients, 

Aft,„  , as  a function  of  exposure  time. 

10.6 

Comparing  Figures  2 to  4 , we  observe  that  the  behavior  of  the 
F-center  absorption  as  a function  of  dose  for  all  the  samples  is  quali- 
tatively similar.  In  the  lower  dose  ranges,  the  absorption  increases 

6 

linearly,  with  apparent  saturation  occurring  at  doses  >3  x 10  R. 
Correspondingly,  ttie  M-center  absorption  and  the  change  in  10.6  (jn 
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absorption  exhibit  a similar  dose  dependence.  In  agreement  with  previous 
studies  r2, 11,12]  the  coloration  rate  for  F-  and  M-oenters  in  the  mixed 
crystals  was  found  to  be  considerably  lower  than  that  for  undoped  KC1. 

In  contrast  to  the  results  obtained  on  electron  irradiated  single  crystal 
(undoped)  KC1  f 5 "]  or  low  dose-rate  gamma  irradiated  polycrystalline 
(undoped)  KC1 , [7]  saturates  rapidly  with  increasing  electron-beam 

exposure  time  for  mixed  KC1  crystals. 

F-center  densities,  n , and  M-center  densities,  n , were  calculated 

F r M 

with  the  relations,  n (cm  ) = 8 .7  x 10  3 VV  , and  n (cm  “ ) = 1.9  x 10 

F F F M 

^m"m’  w*lere  are  F-  and  M-center  peak  optical  absorption 

coefficients  in  cm  , respectively,  and  W , IV  , the  corresponding  widths 
in  eV  of  the  absorption  peaks  at.  half  maximum  amplitudes.  Since  the 
oscillator  strengths  are  not  known  exactly  for  these  crystals,  the 
calculated  densities  represent  at  best  an  approximation,  but  serve  as 
an  appropriate  basis  of  comparison  between  samples. 


From  the  data  obtained  it  was  found  hat  the  change  in  absorption 

at  10.6  (jn  could  not  be  adequately  related  to  the  F-center  density. 

Similar  results  were  reported  by  Lipson  et  al.  7]  on  undoped  gamma- 

irradiated  KC1.  In  Figure  5,  the  change  in  A?  as  a function  of  in- 

10  .6 

creasing  M-center  density  indicates  that  the  induced  changein  10.6  (jn 

absorption  reaches  a saturation  limit  at  relatively  low  M-center  densities. 

The  kCl-EuCl_  samples  exhibit  the  smallest  change  in  10.6  jn  absorption, 

-4  -1 


approaching  a saturation  value  of  Aft  9 x 10  cm  for  M-center 

16  — 3 

densities  ' 1.5  x 10  cm  . In  all  cases,  the  mixed  crystals  show  an 
initial  rapid  change  in  10.6  /ju  absorption  as  a function  of  M-center 
density,  followed  by  a region  of  relative  saturation.  For  undoped  KC 1 
crystals,  the  change  in  10.6  ym  absorption  exhibits  a linear  dependence 
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on  M-center  concentration  over  the  same  density  range.  f5,7l 


The  results  suggest  that  the  increase  in  10.6  jjn  absorption  can  be 
related  to  the  same  mechanism  causing  absorption  in  F-  or  F-aggregate 
bands,  or  to  the  presence  of  Cl  interstitial  clusters  introduced  by  the 
irradiation.  In  addition,  it  is  possible  that  F-  or  F-aggregate  bands 
having  a Lorentzian  line  shape  might  contribute  to  the  10.6  jjn  absorption. 
The  presence  of  interstitial  clusters  has  been  effectively  eliminated  as 
a mechanism  for  increasing  the  infrared  absorption.  7 ] Assuming  a 
Lorentzian  curve  of  the  form: 


R (\) 


b 

77 


1 


2 


1 + C 


(l/> 


l’ 
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where  \ is  the  wavelength  at  the  peak  of  the  absorption  band,  calculations 
m 

based  on  the  absorption  data  predicted  a greater  absorption  than  the 
experimentally  determined  10.6  jjn  absorption.  Furthermore,  the  amplitudes 
of  the  F-  and  M-center  absorption  bands  in  the  crystals  examined  in  this 
study  were  often  comparable,  and  should  exhibit,  according  to  the  previous 
equation,  comparable  absorptions  at  10.6  jjn , in  disagreement  with  experi- 
mental data.  Hence,  Lorentzian  band  shape  tailing  of  absorption  peaks 
from  F-  or  f-aggregate  centers  cannot  satisfactorily  account  for  the 
increased  infrared  absorption  in  KC1. 

To  obtain  further  information  on  the  correlation  between  F-  and 
F-aggregate  centers  and  the  increase  in  the  10.6  fjn  absorption  coefficient, 
and  to  test  the  hypothesis  of  Lipson  et  al.  that  concentrations  of 
F-aggregate  centers  can  be  associated  with  changes  in  the  infrared 
absorption,  a number  of  the  electron  irradiated  samples  were  bleached 
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wi  Lh  0.55  (jn  light  at  nominal  levels  of  500  iiV/cm~  for  periods  between 
1 sec  to  600  sec.  Subsequently,  the  10.6  jjn  absorption  coefficient  was 
measured  and  the  visible  and  near-infrared  absorption  spectra  recorded. 

In  all  cases,  R-  and  N-centers  appeared  and  increased  in  concentration 
during  the  early  stages  of  bleaching.  Figures  6 and  7 illustrate  the 
results  obtained  for  a KCl-RbCl  sample.  Figure  6 shows  that  the  F-center 
absorption  decreases  continuously  as  a function  of  bleach  time,  while 
the  M-center  absorption  increases  rapidly,  but  decreases  after  a 30  sec 
bleach  time.  In  like  manner,  the  R^-center  absorption  increases,  eventually 
decreasing  for  bleach  times  exceeding  120  sec.  Measurements  obtained  on 
all  samples  indicated  a continual  decrease  in  F-  and  F-aggregate  center 
absorption  for  exposure  times  between  140  sec.  and  600  seconds.  In 
Figure  7 the  10.6  jjn  absorption  increases  for  bleach  times  < 120  sec., 
but  decreases  thereafter. 


A comparison  of  the  data  in  Figures  6 and  7 indicates  that  the 

increase  in  the  10.6  fjn  absorption  shows  no  positive  correlation  witli 

the  presence  of  F-centers,  since  the  F-center  absorption  coefficient 

is  decreasing  over  the  range  in  which  the  10.6  j/n  absorption  coefficient 

is  increasing.  In  contrast,  the  F-aggregate  center  absorptions  are 

increasing  when  the  infrared  absorption  is  increasing.  Changes  in  the 

M-center  absorption  coefficient  cannot  alone  explain  the  large  increase 

in  A3.„  observed  in  Figure  7 since  it  has  been  shown  (Figure  3)  that 

10  .6 

relative  changes  in  M-center  absorption  of  the  magnitude  observed  in 

the  bleached  samples  are  correlated  with  only  small  changes  in  A3  , 

10  .6 

while  the  increase  and  decrease  of  the  R -center  absorption  coefficient 

2 

show  a direct  correlation  with  the  behavior  of  the  10.6  fjn  absorption. 
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The  data  support  the  general  contention  of  Lipson  et  al.  that  the 
change  in  the  10.6  fjn  absorption  can  be  correlated  with  the  presence  of 


F-aggregate  centers  rather  than  F-centers.  More  specifically,  the  present 
study  indicates  for  electron-irradiated,  mixed  KC 1 crystals  that  the  change 
in  10.6  fjn  absorption  saturates  with  increasing  M-center  density.  Both 
R and  N centers  appear  after  bleaching  and  can  be  correlated  with  changes 
in  the  10.6  jjn  absorption  coefficient.  However,  it  is  the  R-center  that 
appears  to  be  the  F-aggregate  center  associated  with  large  changes  in 
infrared  absorption. 


4.  Conclusions 


In  this  study  we  have  shown  that  the  F-  and  M-center  coloration  rate 
for  mixed  KC1  crystals  irradiated  with  1 MeV  electrons  is  lower  than 
that  for  comparably  irradiated  pure  KC1  samples,  in  agreement  with  previous 
authors.  [2,11,12]  It  has  also  been  shown  that  the  alteration  in  10.6  jjn 
absorption  can  be  correlated  with  increasing  F-aggregate  center  concen- 
trations. Although  the  presence  of  M-centers  can  be  correlated  with 
increases  in  10.6  jjn  absorptions,  the  present  study  indicates  that  the 
presence  of  R-centers  exerts  the  most  dominant  influence  on  the  infrared 
absorption  in  mixed  KCI  crystals. 


The  authors  would  like  to  acknowledge  the  assistance  of  R.  Goldberg 
and  J.  Fenter  of  the  Air  Force  Materials  Laboratory  in  supplying 
mixed  KCI  samples  for  these  Investigations. 
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Fig.  1.  Absorption  spectra  of  a KCl-RbCl  crystal  following  a 4 second 
electron  irradiation.  Both  the  irradiation  and  the  measure- 
ment were  performed  at  25°C . The  electron  energy  was  1 MeV 

r. 

and  the  dose  rate, 3. 3 x 10  R/sec  . 

Fig.  2.  , and  g as  a function  of  electron  exposure  time 

at  25°C  in  KCl-KBr  samples.  The  scales  on  the  right  show  the 

absorption  constants  determined  at  the  peak  position  of  the 
F band  (3p)  and  the  M-band  (S\j).  The  scale  on  the  left  shows 
the  change  in  the  10.6  uni  absorption  coefficient,  ^Sto.6  = 
^PlO.e^f  “ (ftio  6^  , ’ *here  represents  the  value  of 

the  10.6  jjn  absorption  coefficient  after  irradiation  and 
( 6^o'  va^ue  f°r  the  unirradiated  sample. 

Fig.  3.  /Sp , , and  ^io.6  as  a function  of  electron  exposure  time 

at  25°C  in  KCl-RbCl  samples.  Scales  on  the  right  refer  to 
values  of  the  absorption  coel  f icients  , fa  and  8^  . The 

scale  on  the  left  refers  to  the  change  in  the  10.6  i/n 

absorption  coefficient,  5. 

Fig.  4.  8 p,  , and  g as  a function  of  electron  exposure  time 

at  25°C  in  KC1-EuC19  sample.  Scales  on  the  right  refer  to 
values  of  the  absorption  coefficients,  and  fa.  The 

scale  on  the  left  refers  to  the  change  in  the  10.6  (/it 

absorption  coefficients,  g. 

Fig.  5.  Change  in  the  10.6  jjii  absorption  coefficient,  g>  as 

a function  of  M-conter  density  in  mixed  KC1  crystals. 

g for  KCI-E11CI2  samples  is  referred  to  the  scale  at 
the  right;  /50io.6  f°r  other  samples  is  referred  to  the 
scale  at  the  left.  £ - KCl-KBr;  - KCl-RbCl; 

Y - KC1-EuC12. 
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Fig.  6.  /Jp , and  /?j;2  , as  a function  of  bleach  time  for  an  electron 

irradiated  KCl-RbCl  sample.  After  electron  irradiation  the 
sample  was  exposed  to  0.55  /jn  light  for  variable  periods. 

All  measurements  were  obtained  at  25°C . Values  of  and 
8^2  are  referred  to  the  scale  at  the  left  and  ftp,  to  the 
scale  at  the  right,  /g  - %2  ; % - ftp  • 

Fig.  7.  Change  in  $3  as  a function  of  bleach  time  for  an  electron 

10  . 6 

irradiated  KCl-RbCl  sample. 
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THE  EFFECT  OF  ILLUMINATION  ON  THE  10.6  p,m  ABSORPTION 
COEFFICIENT  OF  ELECTRON  IRRADIATED  SINGLE  CRYSTAL  KCl^ 


By 

T.  J.  Magee,  N.  M.  Johnson,  and  J.  Peng 
Stanford  Research  Institute 
Menlo  Park,  California  94025 


ABSTRACT 

Single  crystal  KC1  samples  were  irradiated  with  1 MeV  electrons 

5 

at  a dose  rate  of  approximately  3.3  x 10  R/sec  while  being  simultaneously 
illuminated  with  F-band  light.  Measurements  of  the  10.6  p,m  absorption 
coefficient  after  each  exposure  indicated  that  the  induced  change  in 
infrared  absorption  was  significantly  higher  for  samples  exposed  to 
F-light  during  irradiation  compared  with  that  observed  for  samples 
irradiated  in  the  dark.  The  increase  noted  in  the  10.6  p,m  absorption 
coefficient  has  been  shown  to  be  correlated  with  increasing  densities 
of  M-centers.  Bleaching  experiments  performed  after  irradiation  confirmed 
the  fact  that  the  largest  changes  in  10.6  p.m  absorption  could  be  associated 
with  the  presence  of  M-centers.  Other  F-aggregate  centers  introduced  during 
bleaching  exerted  a small  but  measurable  influence  on  the  absorption  at  10.6  ^xm. 


! 
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1.  INTRODUCTION 


In  a recent  Investigation  [l]  of  polycrystalline  KCl-KBr,  KCl-RbCl, 

5 

and  KCl-EuCl^  alloyed  samples  exposed  to  high  dose  rate  (3.3  x 10  R/sec) 

1 MeV  electron  irradiation,  it  was  shown  that  the  change  in  the  10.6  pm 

absorption  coefficient  could  be  correlated  with  the  presence  of  F-aggregate 

centers.  Subsequent  bleaching  of  the  samples  after  electron  irradiation 

indicated  that  R-centers  exerted  the  most  prominent  effect  on  the  infrared 

absorption  coefficient.  In  studies  of  polycrystalline  (undoped)  KC1  samples 

2 

exposed  to  relatively  low  dose  rate  (2.8  x 10  R/sec)  gamma  irradiation, 
Lipson  et  al.  [2]  also  found  that  the  increase  in  infrared  absorption  at 
10.6  pm  could  be  associated  with  concentrations  of  F-aggregate  centers. 
However,  each  of  the  previous  studies  has  been  concerned  with  alterations 
in  the  infrared  absorption  of  irradiated,  mixed  or  undoped  polycrystalline 
KC1 . No  reports  have  been  published  on  comparable  studies  of  irradiated 
single  crystal  (undoped)  KC1  or  on  the  effect  of  simultaneous  electron 
irradiation  and  F-band  illumination  on  the  infrared  absorption  of  single 
crystal  samples.  The  purpose  of  this  study  is  to  extend  the  previous 
results  and  to  determine  the  changes  in  10.6  pm  absorption  and  F-aggregate 
center  concentrations  for  KC1  single  crystal  samples  exposed  to  F-band 
illumination  both  during  and  subsequent  to  high  energy  electron  beam 


irradiation. 


2.  EXPERIMENTAL  PROCEDURE 


Samples  used  in  these  experiments  were  obtained  from  the  Harshaw 

Chemical  Company.  Specimens  were  prepared  for  irradiation  in  the  form  of 

2 

paral lelopipeds  of  1 cm  and  0.14  cm  thickness  and  0.75  to  1.5  cm  surface 
area.  After  polishing  the  sample  surfaces  [3],  conventional  CO^  laser 
calorimetry  techniques  [ 1 , 4 J were  used  to  measure  the  10.6  pm  absorption 


coefficients.  Average  absorption  coefficients  of  the  as-received  samples 

-4  -1  -4  -1 

were  measured  in  the  range,  4 x 10  cm  to  6 x 10  cm 


i 


Samples  were  irradiated  at  room  temperature  with  1 MeV  electrons 

5 

at  a dose  rate  of  3.3  x 10  R/sec.  A Hg  lamp  and  a Bausch  and  Lomb 
monochromator  were  used  for  simultaneous  F-band  (0.55  (im)  illumination. 
An  electromechanical  shutter,  switched  in  sequence  with  the  electron 
beam  shutter,  provided  control  of  F-light  exposure  during  electron 
irradiation.  After  each  irradiation,  the  10.6  p,m  absorption  coefficient 
was  determined  for  all  samples  by  laser  calorimetry  and  the  absorption 
spectra  were  monitored  in  the  visible  and  near-infrared  regions  with  a 
Beckman  DK-2  spectrophotometer. 

Post-irradiation  bleaching  experiments  were  also  conducted  on  a 
number  of  samples  by  exposing  them  to  F-light  for  periods  ranging  from 
1 sec  to  600  sec. 

3 . RESULTS 

Figure  1 shows  the  F-  and  M-center  peak  absorption  coefficients, 

and  b , as  a function  of  exposure  time  in  a 1 MeV  electron  beam  at  a 
5 

dose  rate  of  3.3  x 10  R/sec  for  single  crystal  KC1  samples  irradiated 

in  the  dark  and  in  the  presence  of  F-band  illumination.  The  induced 

change  in  the  10.6  absorption  coefficients,  Afc!  , under  the  two 

10 . 6 

exposure  conditions  is  also  shown  for  comparison. 

The  data  indicate  that  the  F-center  absorption  coefficient  exhibits 
essentially  the  same  qualitative  dose  dependence  for  samples  irradiated 
either  in  the  dark  or  in  the  presence  of  F-illumination . However,  in 
all  cases,  there  was  a slight  reduction  in  b for  samples  irradiated 
simultaneously  with  F-light.  In  contrast,  we  observe  that  the  M-center 
absorption  coefficient  as  a function  of  dose  is  consistently  higher  for 
the  illuminated  samples  than  for  those  irradiated  in  the  dark. 
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he  fih  aurves  in  Fig.  1 exhibit  an  initial  rapid  change  as  a 

10.6 


(unction  of  exposure  time  followed  by  an  approximately  linear  region 


for  doses  > 10  K.  Apparent  saturation  in  the  Ap  curve  has  been 

10.6 


previously  observed  r5]  for  KC1  samples  electron  irradiated  in  the  dark 
7 


to  dose  levels  > 10  R.  For  the  dose  range  considered  in  these  experiments, 
did  not  reach  saturation  and  was  always  larger  for  the  illuminated 


10.6 

.amples  than  for  those  irradiated  in  the  dark. 


The  F-center  densities,  n,,  and  M-center  densities,  n , were  calculated 

F m 

_ 3 15  — 3 jg 

using  the  relations:  n (cm  ) = 8.7  x 10  fj  W , and  n (cm  ) = 1.9  x 10 

F F F m 


* W , where  B 8 are  the  F-  and  M-center  peak  optical  absorption  coefficients 
M M ^ F M 


in  cm  , respectively,  and  W , W , are  the  corresponding  width  in  eV  of  the 

F M 


absorption  peaks  at  half  maximum  amplitudes. 

In  agreement  with  previous  investigations  '1,2]  it  was  found  that  the 
change  in  10.6  |im  absorption  could  not  be  adequately  correlated  with  F-center 


concentration.  Figure  2 shows  the  change  in  AS  as  a function  of  M-center 

10.6 


density  for  samples  irradiated  both  in  the  dark  and  in  the  presence  of 
t illumination.  The  results  indicate  that  under  both  exposure  conditions 
’ he  change  in  10.6  p,m  absorption  increases  linearly  as  a function  of  M-center 
concentration. 

Comparison  of  the  data  in  Figs.  1 and  2 shows  that  the  net  effect  of 
simultaneous  electron  irradiation  and  F-illumination  is  to  increase  the 
concentration  of  M-centers  relative  to  that  observed  for  samples  irradiated 
in  the  dark  to  similar  dose  levels.  The  increase  in  M-center  concentration 


i subsequently  be  related  to  changes  in  A6  • Since  the  optical 

10.6 


absorption  spectra  of  all  samples  after  irradiation  indicated  an  apparent 
absence  or  relatively  small  concentration  of  N-  and  R-centers,  it  can  be 


Mimed  that  the  observed  changes  in  AB  are  strongly  correlated  with 

10.6 


Be  presence  of  M-centers  and  that  contributions  to  AB  by  other 

10.6 


regate  centers  are  small. 


J 


Samples  electron-irradiated  under  both  exposure  conditions  were 
subsequently  illuminated  with  F-band  light  for  periods  up  to  600  sec 
to  obtain  additional  information  on  the  correlation  betweon  Ag 

10.6 

and  F-aggregate  center  concentrations.  Changes  in  g_,  P 

r M R and 
2 

Ag  were  measured  as  a function  of  bleach  time,  and  the  results 

10.6  * 

are  shown  in  Figs.  3-5.  In  Figs.  3 and  4 g continuously  decreases 

F 

as  a function  of  bleach  time,  whereas  g and  g show  a corresponding 

2 

increase  followed  by  a continual  decrease  for  bleach  times  up  to  600  sec. 

For  both  samples  the  concentration  of  M-centers  increases  rapidly  as  a 
function  of  time,  reaching  a maximum  at  bleach  times  between  25  and  30 
seconds  and  decreasing  thereafter.  In  Fig.  5 the  change  in  Ag 

10. 6 

correspondingly  exhibits  a maximum  in  the  same  time  period  and  continually 

decreases  for  bleach  times  > 30  sec. 

Comparing  the  data  shown  in  Figs.  3 and  4 with  those  of  Fig.  5,  we 

observe  that  the  behavior  of  the  Ag  curves  can  be  directly  correlated 

10.6 

with  changes  in  M-center  concentration.  However,  the  presence  of  increasing 

concentrations  of  R-  and  N-centers  at  bleach  times  > 30  sec  and  the 

extended  tails  of  the  Ag  bleach  curves  in  Fig.  5 indicate  that  the 

10.6 

presence  of  F-aggregate  centers  other  than  the  M-center  also  contribute 

to  the  change  in  Ag  , but  to  a lesser  extent.  In  particular,  the  R - 

10.6  2 

center  increases  in  concentration  for  times  < 140  sec.,  but  decreases  for 
longer  F-light  exposures.  In  all  cases, for  samples  subjected  to  extremely 
long  periods  of  bleaching,  the  eventual  removal  of  F-aggregate  centers  is 
correlated  with  a recovery  of  the  10.6  absorption  coefficient  to  its 
approximate  pre-irradiation  value. 

The  results  on  single  crystal  undoped  KC1  indicate  that  the  change 
in  10.6  p,m  absorption  can  be  strongly  correlated  with  changes  in  M-center 
concentration.  In  contrast,  the  previous  experiments  [l]  on  polycrystalline 


C-6 


mixed  KC1  crystals  indicated  that  fig  saturated  with  increasing  M-center 

10 . 6 

densities  and  that  the  R-center  was  more  influential  in  altering  the  infrared 
absorption.  In  both  cases,  however,  the  change  in  the  10.6  iim  absorption  was 
shown  to  be  related  to  the  presence  of  F-aggregate  centers  rather  than  F-centers. 

4.  CONCLUSIONS 

In  this  study  we  have  shown  that  simultaneously  exposing  single  crystal 
KC1  samples  to  F-band  illumination  and  high  energy  electron  irradiation  causes 
a significant  increase  in  the  magnitude  of  the  10.6  urn  absorption  coefficient 
when  compared  with  that  obtained  for  samples  irradiated  in  the  dark.  The 
observed  increase  has  been  shown  to  be  proportional  to  the  increase  in 
F-aggregate  center  density.  In  separate  bleaching  experiments  performed 
after  electron  irradiation,  we  have  shown  that  the  M-center  exerts  the 
most  noticeable  effect  on  the  10.6  p,m  absorption.  The  presence  of  R-  and 
N-centers,  although  having  a smaller  Influence  on  the  infrared  absorption, 
has  been  shown  to  be  responsible  for  the  extended  recovery  behavior  of  the 
10.6  p,m  absorption  coefficient  of  irradiated  samples  during  long  term 
exposure  to  F-illumination. 
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B , B„  and  AB  as  a function  of  electron  exposure  time  at 
F AJ  10.6 

o 

25  C for  single  crystal  KOI  samples  irradiated  in  the  dark  and 

in  the  presence  of  F-band  illumination.  The  scales  on  the  right 

refer  to  the  value  of  the  absorption  constants  determined  at  the 

peak  position  of  the  F-band  (B  ) and  M-band  (B  ).  The  scale  on 

F M 

the  left  shows  the  change  in  the  10.6  p,m  absorption  coefficient 
A3..  c = > where  (8,„  represents  the  value 

10.0  10.0  I lU.b  O 10.  b f 

of  the  absorption  coefficient  after  irradiation  and  (B  „) 

10.6  o 

represents  the  value  for  the  unirradiated  sample  B - AB  for  samples 

10.6 

illuminated  with  F-light  during  irradiation;  A - AB  _ for  sample 

10 . 6 

irradiated  in  dark;****  8 for  sample  illuminated  with  F-light 

F 


during  electron  irradiation; 


-B  for  samples  illuminated  with 

M 


F-light  during  electron  irradiation;  unbroken  lines  represent 

corresponding  values  of  p and  8 for  samples  irradiated  in  the  dark. 

r M 

Ap  as  a function  of  M-center  density  in  single  crystal  KC1  samples. 
10. 6 

A - samples  irradiated  in  the  dark;|-  samples  illuminated  with  F-light 
during  electron  irradiation. 

8 i 8 , and  B , as  a function  of  bleach  time  for  an  electron  irradiated 
F M K 

KCl  sample.  The  sample  was  subjected  to  simultaneous  electron  beam 
irradiation  and  F-band  illumination  for  a period  of  4 sec.  and 
subsequently  bleached  with  0.55  p,m  light  for  variable  periods.  All 


measurements  were  obtained  at  25  C.  Values  of  8 and  8 aj*e  referred 

M R 

to  the  scales  at  the  right  and  8 to  the  scale  at  the  le?t.A-  8 , 

F M 

■-  BR  V 
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4. 


p , 0 , and  p as  a function  of  bleach  time  for  an  electron- 
F M R 

2 

irradiated  KC1  sample.  The  sample  was  subjected  to  electron  beam 


irradiation  in  the  dark  for  a period  of  2 sec.  and  subsequently 


bleached  with  0.55  itm  light  for  variable  periods.  All  measurements 


were  obtained  at  25  C.  Values  of  B and  B are  referred  to  the 

M R 

2 

scales  at  the  right  and  p to  the  scale  at  the  left. A-  0 | - P , 

F H R 

•-  V 


Change  in  A3  as  a function  of  bleach  time.  A3  represents  the 

10.6  10.6 


difference  between  p measured  before  irradiation  and  3 after 

10.6  10.6 


irradiation  and  bleach.  A - AB^q  g for  samPle  in  Fig.  3;  AB^  g 


for  sample  in  Fig.  4. 
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Compact  calorimeter  for  measuring  laser  absorption 
coefficients  of  small  samples* 

T.  J.  Magee,  N.  M.  Johnson,  M.  Lehmann,  J.  Peng/  and  J.  Hannigan 

Stanford  Research  Institute,  Menlo  Park.  California  9 4025 
(Received  12  June  1975;  in  final  form,  10  November  1975) 

A relatively  simple  calorimeter  has  been  designed  for  measuring  laser  absorption 
coefficients  on  samples  of  small  cross-sectional  area.  This  instrument  has  proven 
useful  in  studies  ol  absorption  or  scattering  within  samples  by  microscopic 
defects,  where  bulk  samples  of  small  volume  are  required. 


Calorimetry  has  been  used  extensively  for  the  measure- 
ment of  laser  absorption  coefficients  in  a number  of 
materials.  In  most  cases,  laser  calorimetric  measure- 
ments have  been  obtained  on  specimens  0.5-10  cm  in 
length  and  of  cross-sectional  area  a I cm-.  However, 
for  samples  containing  extremely  small  (sO.  25  /x)  defects 
it  is  often  difficult  to  assess  the  influence  of  these  defects 
on  the  effective  laser  absorption  coefficient  using  con- 
ventional calorimeters  designed  for  samples  of  large 
volume,  typically  of  the  order  of  several  cubic  centi- 
meters. In  this  paper  we  report  the  development  of  a 
simple  compact  laser  calorimeter  for  measuring  absorp- 
tion coefficients  on  samples  of  volume  <0.4  cm1. 

Figure  I show  s a photograph  of  a calorimeter  adapted 
for  measurements  on  small  volume  samples.  In  Fig.  2 
a cross-sectional  view  of  the  instrument  shows  sche- 
matically the  interior  features  of  the  calorimeter  cavity. 
The  case  is  constructed  of  brass  and  the  interior  of 
the  cavity  and  cover  blackened  to  reduce  spurious  re- 
flections. The  sample  is  mounted  within  a separate 
plastic  case  and  is  supported  at  the  bottom  by  plastic 
point  contacts  to  reduce  thermal  contact  losses.  A 
spring-loaded  copper-constantan  thermocouple  bead  is 
depressed  against  the  target  and  provides  the  only  con- 
tact point  at  the  top  of  the  sample.  Using  the 
technique  of  Hass  cl  a metallic  mirror  coating 
on  the  thermocouple  bead  is  used  to  reduce  thermal 
contributions  by  scattered  radiation.  The  incident  laser 
beam  is  directed  through  two  I mm  diam  apertures  onto 
the  sample  surface.  The  front  surface  of  the  external 


Fig.  I Photograph  of  calorimeter 


aperture  plate  is  coated  with  a thin  gold  film  to  prevent 
absorption  and  subsequent  radiative  heating  of  the 
internal  sample  chamber. 

Alignment  is  performed  using  a milliwatt  He-Ne 
laser.  The  sample  position  with  respect  to  the  incident 
beam  is  altered  by  the  X-Y  displacement  screws, 
which  shift  the  entire  inner  chamber  w ithin  the  calorim- 
eter cavity.  The  temperature  rise  and  decay  of  the  laser 
irradiated  targets  are  measured  with  a microvoltmeter, 
and  the  data  are  recorded  on  an  X-  Y recorder.  All  ther- 
mocouple wires  and  interconnecting  cables  are  shielded 
to  reduce  electrical  noise  during  the  experiments. 

From  thermocouple  measurements,  the  absorption 
coefficient,  fi  can  be  determined  using  the  approxima- 
tion.24 

P ~ I f’,  n1  + I ' dt  T,  dl  U ' ' 

where  M is  the  mass  of  the  sample;  C„,  the  specific 
heat  at  constant  pressures;  /..  the  length  of  the  sample; 
PT.  the  transmitted  power;  n.  the  refractive  index;  and 
dTr^Jdtr,.  </7rt„,av  </r7l.  the  temperature  rise  and  decay 
rates,  respectively,  at  temperature  7,.  To  utilize  this 
technique  and  the  approximation  given  in  Fq.  (I)  re- 
quires that  a number  of  experimental  parameters  be 
carefully  controlled,  as  discussed  in  a number  of  recent 
papers.1  5 In  comparison  w ith  calorimetry  performed  on 
large  surface  area  (a- 1 cm2)  samples,  the  experimental 
requirements  for  laser  calorimetry  on  small  surface  area 
(=0.09  cm2)  samples  used  in  the  present  application 
are  equally  stringent.  In  particular,  the  small  size  of  the 
samples  necessitates  very  careful  alignment  to  ensure 
that  the  incident  laser  beam  is  directed  at  the  center  of 
the  sample  face  and  parallel  to  the  ; axis  of  the  sample. 
In  addition,  extreme  care  must  be  exercised  in  surface 
polishing  to  minimize  scattering  and  losses  on  the 
smaller  samples.  Temperature  contributions  by  radia- 
tion scattered  in  the  direction  of  the  thermocouple 
must  be  minimized.  The  use  of  a metallic  mirror  coat- 
ing on  the  thermocouple  bead  has  been  shown  to  be 
effective  in  this  application  and  in  previous  experi- 
ments by  Hass  cl  ul.'  Conduction  losses  are  minimized 
by  the  plastic  point  contact  supports  at  the  bottom  of 
the  sample.  In  comparison  to  conventional  laser 
calorimetry  systems  the  sample  mass  is  reduced  by  a 
factor  of  approximately  ten.  From  Fq.  1 1)  (assuming  a 
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Ik.  2.  Schematic  of  inlernal  calorimeter  design. 

fixed  absorption  coefficient)  a one-tenth  reduction  in 
mass  is  accompanied  by  an  order  of  magnitude  in- 
crease in  the  temperature  rise  signal.  Hence,  in  the 
present  system  the  use  of  small  samples  and  shielding 
of  thermocouple  and  interconnecting  cables  results  in  a 
relative  increase  in  the  signal-to-noise  ratio.  On  samples 
tested  thus  far.  thermocouple  voltages  were  measured 
in  the  range  2-35  fiV.  The  corresponding  error  in 
the  measurement  of  /3  at  10.6  /x  was  determined  to  be 
± I x Kb'"’  cm  '. 

In  all  applications  of  thermocoupled-based  laser 
calorimetry  surface  absorption  will  contribute  to  the 
thermal  rise  signal,  possibly  introducing  errors  in  the 
measurement  of  very  low  absorption  coefficients.  Hass 
et  ill.'  have  presented  a detailed  description  of  an 
experimental  method  for  separating  bulk  and  surface 
absorption.  Briefly,  this  technique  involves  measure- 
ment of  the  thermal  rise  rate  at  very  early  times  after 
the  onset  of  laser  irradiation.  Surface  absorption  is 
generally  apparent  by  the  presence  of  an  increased 
slope  .it  much  later  times  on  the  thermal  rise  curve. 
The  "initial  slope"  method  then  permits  an  adequate 
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determination  of  fi.  essentially  independent  of  the 
amount  of  surface  absorption.  In  the  present  system 
the  thermal  rise  rate  was  determined  at  times  less 
than  10  sec  after  the  onset  of  recording. 

Experiments  have  utilized  a 10  W C02  laser,  with 
exposure  times  in  the  range  15-30  sec.  Samples  were 
in  the  form  of  parallelepipeds  of  cross-sectional  area 
=0.09  cm2  and  length  s4  cm.  The  results  obtained  on 
a selected  number  of  ZnSe  samples  are  given  in  Table  I. 
Also  listed  for  reference  are  the  absorption  coefficients 
measured  on  larger  volume  samples  from  the  same  lot 
by  Raytheon  Research  Laboratories.  The  data  indicate 
that  visibly  clear  ZnSe  samples  displaying  no  apparent 
scatter  sites  or  turbidity  zones6  exhibit  an  absorption 
coefficient  <2  x 10" 'em-1,  in  agreement  with  results  ob- 
tained by  Raytheon.  Samples  displaying  a high  density 
of  internal  defects  or  turbidity  bands  exhibit  an  effective 
absorption  coefficient  in  the  range  2.6  x 10  *—4.3 
x 10  3 cm1,  in  proportion  to  the  density  of  internal 
scatter  sites.  Correlated  transmission  electron  micros- 
copy (TEM)  examination  of  these  samples  revealed 
submicron  sized  segregations  in  the  visible  scatter 
regions.  Electron  diffraction  (TED)  patterns  indicated 
that  the  precipitate  regions  are  composed  of  zinc.  In 
all  cases  there  was  no  evidence  of  microscopic  voids 
in  turbidity  zones. 

Additional  tests  at  10.6  /a  on  small  samples  of  NaCl 
and  KCI  yielded  absorption  coefficients  in  reasonable 
agreement  with  values  measured  by  Naval  Research 
labs.  Other  evaluations  of  CdTe  obtained  from  a number 
of  suppliers  have  shown  a definite  correlation  between 
the  change  in  the  10.6  /u  absorption  coefficient  and 
the  microscopic  defect  density,  in  agreement  with 
previous  results.7 

The  data  obtained  to  date  show  that  the  present 
calorimeter  can  be  used  for  measuring  absorption  co- 
efficients of  small  samples.  In  particular,  the  present 
apparatus  appears  to  be  useful  in  measurements  of  the 
relative  change  in  effective  absorption  by  varying 
densities  of  microscopic  defects  within  discrete  or 
localized  regions  of  a sample. 

The  authors  wish  to  acknowledge  the  assistance  of 
the  Raytheon  Co.  and  NRL  in  supplying  samples  and 
information. 
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This  paper  reports  the  development  of  a coupled  laser  scanning  electron 
microscope  system  that  enables  a laser  beam  to  be  introduced  into  the  microscope 
sample  cavity  and  permits  active-mode  monitoring  of  surface  modifications  during 
or  subsequent  to  laser  pulsing.  Instrumentation  is  also  incorporated  within  the 
system  design  for  measuring  laser  induced  pressures  and  equivalent  laser  coupling 
coefficients  in  target  materials. 


INTRODUCTION 

Considerable  effort  has  been  devoted  over  the  past  few  vears 
to  the  investigation  of  laser  interaction  with  materials.1-2 
The  use  of  the  scanning  electron  microscope  (SEM)  has 
proven  to  be  a powerful  adjunct  in  laser  damage  studies 
of  metals,  thin  film  coatings,  and  optical  components. 
However,  the  use  of  SEM  analysis  in  laser  interaction 
studies  has,  in  the  past,  been  confined  to  examining  materials 
subsequent  to  exposure  to  a laser  beam. 

This  paper  reports  the  development  of  a coupled  laser 
scanning  electron  microscope  system  that  enables  a laser 
beam  to  be  introduced  into  the  SEM  cavity  and  permits 
active-mode  monitoring  of  surface  modifications  obtained 
during  or  subsequent  to  laser  pulsing.  The  system  is 
presently  being  used  to  record  data  on  video  tape  during 
long  cw  laser  exposure,  or  in  a multiple  frame  mode  subse- 
quent to  pulsed  laser  exposure.  In  the  sections  to  follow, 
modifications  to  the  SEM  and  time  synchronization  cir- 
cuity design  will  be  described,  accompanied  by  descriptions 
of  incorporated  instrumentation  for  measuring  laser  induced 
pressures  and  equivalent  coupling  coefficients. 


alterations  were  provided  to  accommodate  the  laser  beam 
within  the  sample  chamber.  To  ensure  that  the  laser  beam 
would  not  interfere  with  the  mechanical  or  electrical  com 
ponents  of  the  SEM  during  laser  pulsing,  an  entrance  port 
at  the  rear  of  the  SEM  was  selected,  and  a mounting  plate 
designed  to  include  an  extender  tube  and  focusing  lens.  A 
28  cm  focal  length  lens  was  used  to  obtain  variable  laser 
spot  sizes  at  the  sample  surface.  Use  of  a manually  operated 
shutter  assured  essentially  light-tight  conditions  for  normal 
SEM  applications.  A telescope  mounted  at  the  front  of  the 
SEM  cavity  was  deployed  to  optically  align  the  laser  beam 
on  the  sample  surface. 

Due  to  the  lack  of  sufficient  tilt  adjustment  on  the  sample 
stage  of  the  SEM,  it  was  necessary  to  fabricate  special 
sample  holders  to  allow  simultaneous  positioning  of  the 
specimen  with  respect  to  both  the  electron  beam  and  the 
laser  beam;  76  g Chromel  "instant an  thermocouple  wires 
were  also  spot  welded  to  t'  rear  of  1 cm  diarn  samples  on 
the  modified  holders,  thereby  permitting  the  foil  tempera 
ture  to  be  monitored  within  the  SEM  subsequent  to  laser 
pulsing. 


MODIFICATION  OF  THE  SEM  SAMPLE  CHAMBER 

A Cambridge  scanning  electron  microscope  (Stereoscan 
model  Mark  II A)  was  utilized  in  the  present  system,  and 


l ii.  1 Him f ili.igr.im  of  the  cleitrie.il  system  for  the  louplcrl  laser- 
SIM  unit. 


LASER-SEM  SYNCHRONIZATION 

To  obtain  active  mode  monitoring  of  laser  irradiated 
surfaces  the  following  requirements  must  be  fulfilled : 

(i)  The  first  frame  in  the  single-  or  multiple-frame  mode 
must  be  initiated  at  a desirable  time  after  laser  firing  for 
high  power  pulsed  lasers  or  at  some  time  during  laser  acti 
vation  for  long  pulse  (cw)  or  low  power  laser  applications. 

(ii)  The  laser  pulse  has  to  be  synchronized  with  the 
frame  sweep  to  avoid  “partial"  framing. 

(iii)  The  time  required  to  obtain  a single  frame  should 
be  variable,  but  the  maximum  should  be  < 100  msec. 

(iv)  To  prevent  damage  of  the  metallization  coaling  on 
the  light  pipe  the  low  voltage  (250  Y)  on  the  entrance  grid 
of  the  collector  unit  must  be  switched  on  only  after  high 
power  laser  pulsing  and  plasma  dispersion  (<1  msec),  but 
prior  to  initiation  of  framing. 

A block  diagram  and  a schematic  of  the  electronic  system 
designed  for  this  application  are  shown  in  Eigs.  1 and  2.  To 
facilitate  understanding  of  the  system  and  the  correlation 
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between  the  various  delay  times  mentioned  in  the  description 
to  follow,  a timing  diagram  is  shown  in  Fig.  5. 

CIRCUIT  DESCRIPTION 

Synchronization  pulses  are  continually  received  from  the 
SKM  synchronization  generator.  1'he  leading  edge  of  each 
pulse  is  used  to  trigger  the  frame  sync  pui.sk  one  shot, 
which  produces  well-defined,  5 msec  sync  pulses.  At  some 
arbitrary  time,  T\,  a push  button  is  depressed  to  initiate  the 
experiment.  The  push  button  is  at  coupled  to  the  frame 
sync  enable  latch,  thus  eliminating  contact  bounce  effects 
and  assuring  only  one  operation  per  push  of  the  button.  This 
latch  is  set  at  Ti  and  enables  the  frame  sync  c.ATE  until  it 
is  reset  at  T6.  Beginning  with  the  next  sync  pulse  (T>)  after 
the  framing  period  when  the  button  was  pushed,  a train  of 
this  pulse  and  each  succeeding  sync  pulse  appears  at  the 
output  of  the  frame  sync  c.ate,  until  the  system  is  reset 
at  r6.  The  width  of  the  sync  pulse  (k  msec)  is  small  com- 
pared to  the  frame  width,  so  that  any  time  ambiguity  caused 
by  the  button  being  pushed  during  a sync  pulse  is  negligibly 
small  and,  further,  only  likely  to  occur  in  0.5%  of  the  ex 
periments.  The  first  pulse  that  occurs  at  the  output  of  the 
frame  sync  gate  is  the  only  one  of  interest  for  timing 
purposes;  hence  the  leading  edge  is  preserved,  and  all  suc- 
ceeding pulses  are  inhibited  by  means  of  the  frame  sync 
latch,  whose  output  is  set  at  7'-.  and  not  reset  until  1\. 

The  output  of  the  frame  sync  latch  initiates  two  in 
dependently  adjustable  timing  chains.  The  first  of  these 
determines  the  time  the  laser  will  be  fired  in  the  frame 
following  the  one  in  which  the  button  was  pushed.  The 
second  chain  determines  the  time  the  high  voltages  will  be 
restored  for  viewing. 

The  first  chain  begins  with  the  initiation  at  of  the 
LASER  delay  one  shot,  an  analog  timer  with  a period  that 
is  adjustable  from  1 to  120  msec.  The  end  of  the  timing 
period  that  is  generated  by  this  timer,  is  edge-coupled 
to  and  initiates  a second  analog  timer  with  a fixed  period  of 
120  msec.  The  pulse  output  from  this  timer  is  used  to  fire 
the  laser  at  T?„  and  it  also  enables  the  unblanking  turn 
on  gate  for  120  msec,  a period  sufficient  to  ensure  that  at 
least  one  SF.M  sync  pulse  will  actuate  this  gate.  At  Th,  the 
next  SKM  sync  pulse  activates  the  unblanking  turn  on 
gate,  which  in  turn  sets  the  unblanking  latch.  The  signal 
from  this  latch  turns  on  the  unblanking  control  pulse,  thus 
restoring  SKM  data  recording.  It  also  initiates  the  reset 
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delay  one  shot,  an  analog  timer  whose  timing  period  is 
adjustable  from  60  msec  to  infinity  to  determine  the  number 
of  frames  desired.  At  the  completion  of  the  reset  delay 
one  shot  timing  period,  T 4,  the  reset  pulse  one  shot  is 
initiated  to  reset  the  four  latches  at  7’6,  making  the  system 
ready  for  the  next  experiment.  The  generation  of  a “power 
clear”  signal  initiates  the  reset  delay  one  shot  and  then 
the  RESET  one  shot,  allowing  any  circuitry  that  may  have 
been  activated  by  power  "turn-on”  to  finish  timing  out. 
After  that,  all  the  latches  are  reset.. 

The  second  timing  chain  begins  with  the  initiation  of  T. 
of  the  high-voltage  turn-on  delay  one  shot,  an  analog 
timer  with  a timing  period  that  is  adjustable  from  25  to  160 
msec.  The  end  of  the  timing  period  is  likewise  edge-coupled 
to,  and  sets  the  high-voltage  turn-on  latch,  which  simul- 
taneously turns  on  the  high-voltage  control  pulse.  The 
latter  unit  is  reset  at  Tt. 

COMBINED  SEM  SAMPLE  HOLDER  AND 
PRESSURE  GAUGE 

A Sandia-tvpe  quartz  gauge3  5 has  been  designed  for  use 
in  the  coupled  laser-SKM  system.  In  Fig.  4 a schematic  of 
the  gauge  in  cross  section  provides  information  on  con 
structional  details.  The  packet  was  designed  so  that  the 
outer  diameter  would  be  of  approximately  the  same  dimen 
sion  as  that  of  a normal  sample  holder  (~12  mm)  used  in 
the  SKM.  The  quartz-gauge  element  was  10  mm  in  diameter. 
1 mm  in  thickness  and  had  a guard  ring  diameter  of  5 mm. 
The  sensitivity  of  the  gauge  was  1.14  V kilobar  when  used 
with  a 50  Si  load  resistor.  Tile  propagation  time  fur  the  sound 
pulse  was  174  nsec  («  = 5.72  mm/Vsec)  and  very  long  com 
pared  to  the  half-width  of  the  laser  (50  nsec).  The  thickness 
of  the  sample  <l„  used  in  the  experiment,  had  to  satisfy  the 
condition 

</» > 1 74  nsec  t',/2, 

where  v.  is  the  velocity  of  sound  in  the  sample.  If  this  re- 
quirement is  not  fulfilled,  a pulse  reflected  at  the  rear 
surface  of  the  sample  would  again  reach  the  gauge  during 
the  loading  phase  (174  nsec),  resulting  in  erroneous  or  am- 
biguous pressure  gauge  records. 

Figure  5 shows  the  experimental  configuration.  A Korad 
1500  \d  glass  laser  was  focused  by  a simple  lens  of  600  mm 
focal  length  through  a quartz  plate  10  mm  thick  into  a 
10  mm  circular  region  on  an  aluminum  disk  of  2 mm  thick 
ness  and  10  mm  diam.  The  output  of  the  quartz  gage  was 
recorded  on  a Tektronix  7704  oscilloscope.  On  the  same 
oscilloscope,  the  laser  pulse  was  displayed  to  provide  an  at 
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Fig.  5.  Si  hematic  of  the  experimental  configuration. 

curate  time  correlation  between  laser  firing  and  the  arrival 
of  the  pressure  pulse.  A second  oscilloscope  was  used  to 
monitor  the  beam  energy,  which  in  these  experiments  was 
between  3 and  in  |. 

EXPERIMENTAL  APPLICATION 

Metal  and  semiconductor  samples  exposed  to  a laser 
beam  within  the  laser  SKM  system  included  tantalum, 
porous  beryllium,  aluminum,  tin,  and  cadmium  telluride. 
I'he  metal  foils  were  exposed  to  a 60  nsec  1 | laser  beam 
focused  to  a power  density  of  ••'-1(1'  W cm-  and  .30  nsec  N’d 
laser  pulses  (1  10  J ! of  maximum  power  density,  10'"  \\  cm2. 
Cadmium  telluride  was  exposed  to  a 100  \Y  cw  (’()•..  laser 
beam  focused  to  a power  density  of  >-104  \\  , cm2. 

Metal  samples  examined  subsequent  to  pulsed  laser  ex- 
posure indicated  the  presence  of  melt-produced  craters, 
recrystallization,  and  thermal  microcracking.  Anodized 
aluminum  samples  exhibited  a more  severe  surface  alteration 
and  the  number  of  melt-produced  craters  were  found  to  in- 
crease as  a function  of  oxide  thickness. 

Correlated  measurements  of  the  equilibration  tempera 
tures  at  the  back  surface  of  the  laser  irradiated  surfaces 
were  used  to  determine  the  laser  coupling  coefficient,  a.  In 
this  case, <*  is  defined  as  the  fractional  amount  of  laser  energy 
coupled  into  the  sample  and  converted  into  thermal  energy, 
such  that 

a = »u  A T /.,  ( 1 ) 

where  hi  is  the  mass  of  the  target,  r is  the  specific  heat,  AT 
is  the  difference  between  the  equilibration  temperatures  and 
room  temperature,  and  /.  is  the  incident  laser  energy.  It  has 
been  shown'1  that  the  corrected  equilibration  temperature 
AT.  relative  to  room  temperature  r an  be  described  by 

A i 7 i exp (i  t 1 ) , (7) 

where  i I /.—  /cln/i  / and  1\  and  Tt  are  the  ntoni 
tored  above  ambient  temperature  at  time  l\  and  / . Substi 
tutic.'  Kq.  (J1  for  AT  in  Kq.  Ill  and  using  appropriate  ex 
perimettl.dU  det»  rminetl  values,  we  found  the  last  r coupling 
toetfuieiil  tor  aluminum  samples  irradiated  with  a pulsed 
rub\  or  Nil  laser  beam  to  lie  in  the  range  H.2,S  0.3(1.  Simi 


Fig.  6.  Stress  in 
tlucutl  in  aluminum  as 
a function  of  laser 
energy.  Sample  thick- 
ness—0.2  cm.;  irra- 
diated area  0.8  cm*. 
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larly,  for  laser  irradiated  tantalum  foils,  the  coupling  co 
efficient  was  found  to  be  (1.36.  The  presence  of  an  anodization 
layer  on  the  aluminum  samples  increased  the  coupling 
slightly  and  values  of  a in  the  range  0.32-0.36  were  recorded. 

Tsing  the  combined  SKM  sample  holder  pressure  gauge 
package  shown  in  Jug.  4,  laser-induced  pressures  were  re 
corded  in  uncoated  and  anodized  aluminum  targets  of  ap- 
proximated 2 mm  thickness.  Oscilloscope  recortls  display  ing 
both  the  laser  signal  and  the  pressure  signal  indicated  a time 
separation  of  370  nsec,  agreeing  well  with  the  propagation 
time  of  the  pressure  pulse  through  the  2 mm  thick  aluminum 
target.  'I'he  widths  of  the  pressure  signal  at  half  maximum 
were  approximately  the  same  as  that  of  the  laser  pulse (30 
nsec)  in  all  experiments.  In  Fig.  6 the  results  obtained  on 
uncoated  aluminum  are  shown  in  a plot  of  measured  pres 
sure  as  a function  of  laser  energy,  assuming  an  irradiation 
area  of  0.8  cm2. 

Thermocouple  measurements  indicated  that  the  effective 
laser  coupling  coefficient  was  less  than  0.30  for  untreated 
aluminum  surfaces  and  that  only  a small  portion  of  the 
laser  energy  was  absorbed  in  the  samples.  However,  both 
the  absorption  and  the  induced  pressure  increased  when  the 
surface  was  anodized.  In  addition,  more  severe  surface 
damage  was  observed  in  the  anodized  samples,  implying 
that  the  surface  quality  is  an  important  parameter  in  laser 
metal  interactions. 
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ABSTRACT 


This  paper  reports  on  the  observed  correlation  in  CdTe 

between  microscopic  defects  and  the  infrared  absorption  at 

10.6  pan.  The  data  were  obtained  from  transmission  electron 

microscopy,  scanning  electron  microscopy,  intrared  and  optical 

microscopy,  spectrophotometry,  and  laser  calorimetry.  For 

chlorine  and  indium  doped  samples  it  was  determined  that 

increasing  the  concentrations  of  In  Te  and  CdCl  precipitate 

2 3 2 

platelets  subsequently  increases  the  10.6  p,m  infrared  absorption 
coefficient  in  CdTe.  Isolated  dislocations,  dislocation  networks, 
tellurium  precipitates,  vacancy  loops,  and  stacking  faults  were 
also  shown  to  exercise  an  important  influence  on  infrared 
absorption.  Localized  regions  of  defect  aggregations  in  many 
samples  were  found  to  be  responsible  for  the  macroscopic 
absorption  sites  typically  observed  by  infrared  microscopy. 

The  significant  differences  between  the  present  data  and 
previously  reported  macroscopic  defect  models  are  discussed. 

1)  Research  supported  by  Air  Force  Office  of  Scientific  Research 
Contract  No.  F44620-73-0019  and  Office  of  Naval  Research  Contract 
No.  N0001 4-73-C-0378 . 

2)  Post  doctoral  fellow,  Stanford  Research  Institute. 

3)  Doctoral  candidate,  Dept.  Applied  Physics,  Stanford  University. 


Iii  dieser  Arbeit  wird  uber  den  Zusammenhang  /w  1 sc  lien  mikmskopischen 
Feh  1 si  el  Ion  und  (ter  10^6  |im  Inf  rarotabsorpt  ion  in  CdTe  berichtet,  der  bci 
der  Auswertung  von  Daten,  gewonnen  durch  Transnu ssi onselekt ronenmi kroskopi e, 
Kastereiektronenmikroskopie , Infrarot-und  Lichtmikroskopie , Spekt rophotomet ne 
und  baserkaloremet rie,  beobachtet  wird„  In  Clor  und  Indium  dotierten  Proben 
ergibt  sich,  dat3  steigende  Konzent rationen  von  In,,Te^  und  CdCl2 
Ausscheidungslamellen  anschliePend  den  10#6  |im  Inf rarotabsorptionskoef f izienten 
in  CdTe  erhohen;  isolierte  Versetzungen , Versetzungsnet zwerke , Telluraus- 
sebeidungen,  Leerstellenringe  und  Stapelfehler  baben  ebenfalls  einen 
wesentlichen  Einlui?  auf  die  Infrarot-absorption.  In  vielen  Proben  iverden 
lokale  Bereiche  von  Feblstellenanhaufungen  als  Prsache  fur  die  in  der 
I n f ra rot  mi kroskopi e bauiig  beobaebteten  makroskopi schen  Absorpt ionsstel len 
gel  linden . Die  wesentlichen  Unterschi ode  zwischen  den  gefundenon  Krgebni ssen 
und  den  vorher  besebriebenen  Febl stellenmodel len  werden  diskutiert. 
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1.  Introduction 


Considerable  interest  has  been  shown  in  the  development  of  highly 

transparent  window  materials  lor  use  in  high-power  infrared  laser 

systems.  Cadmium  telluride  (CdTe)  has  offered  some  promise  in  this 

area  because  of  its  superior  thermomechanical  properties  and  resistance 

to  environmental  influences.  However,  the  development  of  laterally 

uniform,  large  surface-area  samples  having  infrared  absorption 
q -4  -1 

coefficients,  o,  as  low  as  10  cm  in  the  10.6  urn  range  has  posed 
dif f icul ties. 

It  was  previously  shown  l 1 , 2 1 for  a number  of  laser  window  materials 
that  the  exponential  changes  in  9 as  a function  of  frequency  were 
intrinsic  and  could  be  related  to  multiphonon  absorption  processes. 
Theoretical  analyses,  however,  indicate  that  only  a small  portion  of 

the  observed  10.6  urn  absorption  in  currently  available  CdTe  samples 

r n 

could  be  related  to  an  intrinsic  absorption  mechanism.  „3j  It  has  been 
demonstrated  L 3—5 1 that  native  or  secondary  defects  are  inevitably 
present  in  CdTe  and  that  these  defects  are  responsible  for  the  increased 
infrared  absorption.  Recently,  Sparks  and  Duthler  i_6j  presented  a 
theoretical  model  that  indicated  that  small  concentrations  of  bulk  or 
surface  defects  or  inclusions  in  window  materials  can  significantly 
alter  the  value  of  9 at  10.6  urn. 

In  all  the  previous  experimental  studies,  the  defect  structure 
has  been  inferred  from  optical  and  infrared  microscopic  examinations 
of  samples  after  growth  and  subsequent  post-anneal  treatments.  Because 


of  the  limited  resolution  available  with  these  techniques,  the  nature 
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dI  in  i ci'osii>p  i c defer  Is  in  CdTe  and  the  mechanism  of  absorption  at 
10.6  jjm  have  not  been  clearly  defined.  This  paper  presents  data  on 
mi  ci'os true t nra  1 detects  observed  in  CdTe  samples  and  discusses  the 
correlation  be  tween  the  defect  concentration  anil  infrared  absorption 

at  10.6  fltii  . 

2.  Experimental 

Cadmium  tclluride  samples  of  (111)  orientation  were  obtained  from 

Hughes  Research  Labs,  11-V1  Corporation,  and  Tyco  Labs.  The  samples 

> 17  'i 

were  doped  with  either  indium  or  chlorine  to  concentrations  - 10  cm  . 

After  mechanical  and  chemical  polishing,  samples  were  examined  in  the 
SEM  for  surface  defects.  Energy  dispersive  x-ray  analyses  were  also 
performed  within  the  SEM  to  ascertain  the  presence  of  contaminants  that 
might  influence  the  value  of  infrared  absorption  at,  the  surface. 

Laser  calorimetry  experiments  using  copper-constantan  thermocouples 
attached  to  the  sides  of  the  sample,  were  conducted  to  measure  absorption 
at  10.6  ffm . In  all  experiments  we  used  a 50-Watt  Coherent  Radiation 
(Model  42)  CO^  laser  focused  to  a beam  diameter  of  3 mm  to  H mm  at  the 
center  of  the  sample  face.  A Coherent  Radiation  (Model  201)  power  meter 
was  used  to  measure  incident  or  transmitted  laser  powers.  Separate 
measurements  of  infrared  absorption  were  also  made  before  and  after  laser 
irradiation  with  a Perkin  Elmer  (Model  247)  infrared  spectrophotometer. 

1 

Small  ( 3-mm-diameter)  disks  were  cut  from  each  of  the  samples  for 
TKM  analysis.  A jet  thinning  technique  was  used  to  prepare  extremely 
thin  CdTe  samples  for  examination  in  the  electron  microscope  (7).  Data 
obtained  from  TEM  analyses  were  then  correlated  with  gross  macros tructura 1 
defects  (-  1 ffm)  observed  in  an  infrared  microscope  (Research  Devices, 

Model  D) . 
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Samples  were  annealed  in  evacuated  quartz  ampoules  with  pieces  of 
6N-purity  cadmium.  Cd  and  CdTe  samples  were  positioned  at  opposite 
ends  o)  the  ampoule  and  the  CdTe  end  placed  at  the  maximum  temperature 
point  of  the  furnace  to  inhibit  Cd  vapor  transport  to  the  sample  surfaces. 
Individual  samples  were  annealed  at  temperatures  from  100°C  to  900°C  for 
periods  ol  1 to  48  hours. 

3 . Results 

Data  obtained  from  transmission  electron  microscopy  analyses  of 
indium  and  chlorine  doped  samples  are  summarized  briefly  in  Table  1. 
Representative  micrographs  illustrating  the  microstructure  are  shown  in 
Figs.  1-3  . 

Identification  of  the  precipitate  platelet  composition  (Fig.  1) 
was  established  in  two  separate  experimental  methods.  These  included 
an  analysis  of  the  electron  diffraction  patterns  and  an  analysis  of 
measured  Moire  fringe  spacings  (8)  observed  on  the  platelets.  Measure- 
ments of  lattice  plane  spacings  from  electron  diffraction  ring  patterns 
and  subsequent  measurements  of  relative  diffraction  intensities  were 
compared  with  ASTM  data  (9).  Agreement  between  experimental  and  published 
data  was  found  within  - 1 percent.  Using  measurements  of  Moire  fringe 
spacings  on  over  400  precipitates,  lattice  plane  spacings  were  determined 

which  consistently  agreed  with  values  for  In  Te  . In  similar  fashion, 

2 3 

CdCl  precipitates  were  identified  in  chlorine-doped  samples. 

From  the  earlier  work  of  do  Nobel  (10)  in  1959  it  is  known  that 
the  presence  of  indium  in  CdTe  can  result  in  an  increased  concentration 
ol  Cd  vacancies  or  an  excess  of  tellurium.  In  the  present  investigation 
polvcrystalline  tellurium  rings  have  been  observed  in  most  ol  the  electron 
diffraction  patterns  obtained  from  indium-doped  samples.  The  tellurium 
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precipitates  nave  been  directly  observed  by  TEM  and  found  to  be  ^ 60  A 
in  diameter.  In  samples  annealed  at  temperatures  - 500°C , there  was  no 
evidence  of  tellurium  precipitation  either  in  the  transmission  electron 
micrographs  or  electron  diffraction  patterns.  Since  the  melting  point 
of  Te  is  < 500^0,  it  seems  likely  that  the  precipitates  have  decomposed 
and  the  tellurium  diffused  into  the  lattice. 

In  several  samples,  stacking  faults  (Fig.  2)  were  observed  to  in- 
crease in  both  size  and  number  after  short-term  annealing  within  the 
electron  microscope.  In  regions  of  stacking  fault  growth,  a large 

o o 

number  of  1000  A-1500  A diameter  dislocation  loops  were  observed.  Using 
conventional  TEM  techniques  (11,12),  the  loops  were  subsequently  determined 
to  be  composed  of  vacancies.  It  is  believed  that  the  increase  in  stacking 
fault  length  occurs  in  localized  vacancy-rich  regions  of  the  sample,  but 
the  mechanism  of  growth  will  require  an  accurate  determination  of  thermal 
activation  energies  for  the  process. 

An  electron  micrograph  of  a sample  containing  dislocations  in  the 
form  of  complex  tangles  or  forests  is  shown  in  Fig.  3.  After  annealing, 
reordering  occurs  within  the  forests  and  isolated  dislocations  remain. 
Examination  of  selected  area  electron  diffraction  patterns  within 
localized  regions  of  high  dislocation  density  have  repeatedly  indicated 
the  presence  of  tellurium  precipitates.  The  data  then  indicate  that 
dislocation  networks  are  inevitably  associated  with  tellurium  segregation 
regions  or  with  areas  containing  excess  cadmium  vacancies. 

Using  infrared  microscopy,  a number  of  investigators  have  reported 
(3-5)  macroscopic  (-  1 /Jm)  absorption  regions  in  CdTe  and  subsequently 
proposed  void  or  precipitate  models  related  to  crystal  growth  and  post- 
anneal conditions.  VVe  also  examined  samples  in  the  infrared  microscope 
and  found  absorption  sites  of  varying  morphologies,  ranging  from  ~ 1 jju 
to  6 jim  in  size.  Typically,  the  smaller  sites  (1  jjn  to  2 jim)  appeared 

granular,  suggesting  nonuniform  absorption  or  scattering  within  the 

o 

defect  site.  After  annealing  at  temperatures  > 500  C in  cadmium  vapors, 
several  of  the  sites  were  either  reduced  in  size  or  no  longer  visible. 

Some  of  the  absorption  centers  remained  essentially  unaltered  after 
annealing  for  48  hours,  with  only  a slight  reduction  in  size. 

F-7 


To  obtain  further  information  on  the  structure  of  the  macroscopic 
absorption  sites  ( 1 Hii  to  6 fim)  , samples  were  sectioned  within  the 

absorption  regions  and  subsequently  thinned  for  TKM  analysis.  Kvi deuce 
ol  large  micron  sized  voids,  as  hypothesized  previously  (3-5)  from 

optical  and  infrared  microscopic  data,  was  not  detected  in  the  electron 

microscope.  Instead,  macroscopic  absorption  sites  were  shown  to  be 

associated  with  distinct  defect  aggregations,  namely:  (1)  complex  arrays 

of  dislocation  lines  and  tangles,  (2)  aligned  stacking  faults,  and 

(3)  localized  regions  of  In„Te_  or  CdCl  precipitate  platelets. 

z 5 2 

To  provide  correlation  between  the  observed  microstructura 1 defects 
and  infrared  transmission,  we  determined  the  absorption  coefficient  at 
10.6  Mm  from  spectrophotometer  and  laser  calorimetry  measurements.  It 
has  been  shown  (13-15)  that  the  absorption  coefficient,  3,  can  be 
determined  from  laser  calorimetry  measurements  by  using  thermocouple 
measurements  of  the  thermal  rise  and  decay  rates  of  laser  irradiated 
targets.  The  approximation  is  given  by: 


where  M is  the  mass  of  the  sample,  C , the  specific  heat  at  constant 

P 

pressure,  L,  the  length  of  the  sample,  p , the  transmitted  power,  n,  the 


refractive  index,  and, 


dT 

rise 

dt 


the  temperature  rise 


From  the  data  presented,  it  can  be  seen  that  the  infrared  absorption 
coefficient  increases  as  a function  of  increasing  defect  density.  in 
particular,  for  samples  with  large  concentrations  of  IngTe^  or  CdCl2 
precipitate  platelets,  the  infrared  absorption  is  markedly  affected. 

The  presence  of  macroscopic  absorption  sites,  isolated  dislocations, 
and  tellurium  precipitation  regions  also  exercises  a considerable 
influence  on  the  infrared  absorption  properties.  Samples  with  the 
lowest  infrared  absorption  exhibit  the  lowest  defect  concentrations 
and  are  relatively  free  of  macroscopic  (-1  urn)  inclusions. 


4.  Conclusions 


In  this  investigation  we  have  shown  that  defects  in  CdTe  samples 
can  dramatically  alter  infrared  absorption  at  10.6  flm , thereby  limiting 
the  attainment  of  absorption  coefficients  < 10-^cm-^.  In  contrast  to 
previous  studies  which  have  reported  on  macroscopic  structures  observed 
in  infrared  and  optical  microscopy,  we  have  obtained  systematic  data 
on  microstructura 1 defects  and  their  influence  on  infrared  absorption. 

It  has  been  shown  that  many  of  the  macroscopic  defects  (-  1 Ltm)  observed 
are  composed  of  aggregations  of  precipitate  platelets,  dislocations, 
or  stacking  faults. 

Although  we  have  investigated  the  effects  of  annealing  in  Cd  vapor?, 
further  work  is  required  to  identify  the  effect  of  sequential  annealing 
in  Cd  and  Te  vapors,  since  it  is  known  that  the  infrared  absorption 
coefficient  can  be  further  reduced  by  a series  of  multipl<  anneals  (4). 
Additional  investigation  is  required,  using  correlated  mi<  rostructural 
analysis  and  measurements  of  the  infrared  absorption  coefficient  to 
determine  the  behavior  of  microstructural  defects  after  multiple  thermal 
annealing  schedules. 
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Abstract.  A number  of  experiments  were  conducted  with  a pulsed  Nd: glass 
laser  to  assess  the  effect  of  thin  coatings  with  varying  optical  properties 
on  laser  coupling  and  stress  wave  generation  in  aluminum  targets.  The 
coatings  included  liquid  cement,  which  is  transparent  at  1.06  ttm ; Aquadag, 
which  is  opaque;  and  silver  paint,  which  ranges  from  translucent  to 
opaque , depending  upon  the  curing  time.  Considerable  stress  enhancement 
was  lound  for  the  transparent  plasma-confining  coatings  and  the  partially 
cured  silver  paint,  which  was  semitransparent  and  contained  a volatile 
binder.  Stress  levels  for  untreated  aluminum  and  samples  with  Aquadag 
or  cured  silver  paint  coatings  varied  approximately  with  the  coupling 
coefficient  for  these  materials.  The  potential  ramifications  of  these 
results  to  laser-fusion  experiments  are  discussed. 
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1 . In  t roduc l ion 


A number  of  recent  investigations  have  demonstrated  that  pulsed 
laser  irradiations  of  materials  produce  stress  waves  that  can  be 
appropriately  monitored  at  the  back  surface  of  the  sample  (O'Keefe  and 
Skeen  1972,  1972,  Anderholm  1970,  Fox  1974,  Yang  1974).  In  these 
experiments  the  materials  were  either  unconfined,  confined  between  two 
transparent  materials,  or  coated  with  a thin,  normally  transparent  film. 
In  the  first  case,  the  plasma  produced  at  the  surface  of  the  material 
during  laser  irradiation  is  responsible  for  the  generation  of  the  stress 
wave.  In  the  second  configuration,  a confined,  high  temperature  plasma 
is  produced,  which  drives  high  amplitude  stress  waves  into  the  trans- 
parent materials  (Anderholm  1970,  Yang  1974).  Using  the  third  technique, 
thin  coatings  are  partially  decomposed  and  vaporized  as  a result  of 
thermal  conduction  from  the  laser-heated  metal  surface.  The  subsequent 
expansion  of  the  gas  and  partial  confinement  of  the  plasma  at  the  metal/ 
thin-film  interface  causes  stress  waves  to  be  generated  in  the  substrate 
(O'Keefe  and  Skeen  1972),  In  all  cases,  previous  investigations  have 
been  concerned  with  laser  irradiation  of  relatively  thin  foils  of  thick- 
nesses typically  in  the  order  of  several  micrometers.  The  focal  spot 
area  has  also  been  varied  in  the  past  to  systematically  obtain  higher 
power  densities.  However,  this  introduces  the  possibility  that  the  data 
may  be  complicated  bv  spot  size  effects,  especially  lor  laser  exposures 
in  air.  Kxperi men t s by  .1  . Lowder  (1979)  at  MIT  Lincoln  Laboratories,  for 
example,  have  suggested  a dependence  of  the  peak  stress  level  on  laser 
spot  size.  Stress  levels  measured  at  the  rear  surface  of  Plexiglas 
targets  irradiated  in  air  by  a 20  microsecond  COg  laser  pulse  (E  - 20 
joules)  increased  several  fold  for  a given  power  level  as  the  spot  size 

O n 

was  increased  from  0.32  cm“  to  0.8  cm*2  . 
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In  the  present  study,  thick  (-  2 mm)  aluminum  targets  have  been 
irradiated  with  25  nanosecond  pulses  from  a Nd:  glass  laser  and  the  stress 
histories  monitored  at  the  back  surface  of  the  material  with  x-  cut 
quartz  piezoelectric  gages.  Experiments  have  been  conducted  on  untreated 
aluminum  and  samples  coated  with  thin  transparent,  translucent,  and 
opaque  layers.  In  all  cases  the  focal  spot  size  was  held  constant  and 
the  laser  power  changed  to  provide  varying  intensity  levels  at  the  sample 
surface . 


2.  Experimen to  1 

The  experimental  arrangement  is  shown  in  Fig.  1.  The  laser  used 
in  these  studies  was  a Q-switched  Korad  K-  1500  oscill  tor  - amplifier 
neodymium  system  with  an  output  ranging  from  2 to  12.5  joules.  The  pulse 
width  at  half-peak  power  was  25  nanoseconds.  The  1 .9-cm  beam  diameter 
was  focused  by  a 600 -mm  focal  length  lens  through  a quartz  plate  10-mm 
thick  into  a chamber  maintained  at  a vacuum  of  approximately  10“^  torr . 
The  power-time  history  of  the  laser  pulse  was  detected  by  a calibrated 
biplanar  photodiode  in  conjunction  with  a Tektronix  7704  oscilloscope 
and  the  energy  determined  by  integrating  the  signal  over  the  pulse 
duration.  The  photodiode  signal  was  displayed  together  with  the  quartz 
gage  signal  on  a second  oscilloscope  for  time  referencing. 

A Sandia-lype  quart  ■ gage  (Graham  et  al.  1965,  Halpin  et  al.  1963, 
•Jones  and  llalpin  1968)  was  fabricated  for  monitoring  stress-time  records 
at  the  rear  of  the  targets.  The  quartz  gage  element  (Valpey  Corp  . ) was 
1 cm.  in  diameter,  1 mm . in  thickness  and  had  a guard  ring  at  the  edge 
of  the  element.  Using  a 50  ohm  shunt  resistor,  the  sensitivity  of  the 
gage  was  1.09  mV/bar.  The  propagation  time  for  the  sound  pulse  in  the 
quartz  was  174  nanoseconds  and  long  compared  to  the  half-width  of  the 
laser  pulse  (25  nanoseconds).  To  ensure  that  a pulse  reflected  at  the 


G-4 


roar  surface  of  the  sample  would  not  reach  the  gage  during  the  loading 

phase,  thicknesses  of  target  samples,  d , had  to  satisfy  the  condition: 

s 

V 

ds  > 174  nsec.  s , 

2 

where  vg  is  the  velocity  of  sound  in  the  sample. 

Targets  were  prepared  from  10-nun  diameter,  1145-aluminum  disks 
( ^ 2 mm  in  thickness)  and  subsequently  mounted  on  the  electrode  of  the 
quartz  gage  with  a thin  epoxy  layer.  Although  mineral  oil  (Fox,  1974) 
and  stopcock  grease  (O'Keefe  and  Skeen,  1972)  have  been  used  in  the  past 
to  mount  target  materials  to  the  gage,  it  was  found  that  inhomogeneities 
in  these  mounting  mediums  could  cause  improper  coupling  between  the  gage 
and  the  target  and  result  in  error  in  the  measured  stress.  A very  thin 
epoxy  layer  was  found  to  give  the  best  stability  and  acoustic  matching. 

After  mounting,  the  samples  were  placed  on  a rigid  stand  within  the 
vacuum  chamber  and  aligned  so  that  the  face  of  the  target  was  normal  to 
the  optical  axis  of  the  laser  beam.  In  all  experiments  the  laser  spot 
size  was  slightly  greater  than  the  target  diameter  (1  cm)  to  ensure 
essentially  uniaxial  stress  conditions. 

Bare  aluminum  samples  and  samples  coated  with  Aquadag  (Acheson 
Colloids  Co.),  silver  paint  (Walsco  No.  36-1),  and  nitrocellulose  liquid 
cement  (Duratite  Corp.)  were  irradiated  with  1.06  urn  laser  light.  In 
esch  case  the  films  were  applied  uniformly  to  a thickness  of  ~ 60  jjm  and 
subsequently  dried  for  variable  periods.  Before  and  after  all  irradiations, 
samples  were  examined  with  scanning  electron  and  optical  microscopy  to 
determine  the  relative  degree  of  surface  modification. 
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3.  Results 

Fig.  2 shows  a portion  of  a typical  oscilloscope  record  illustrating 
the  quartz  gage  signal  obtained  from  an  irradiated  2 mm  thick  aluminum 
sample  coated  with  silver  paint  and  cured  for  five  minutes.  The  laser 
energy  was  5 joules  and  the  active  irradiation  area,  0.8  cm^  . The 
propagation  time  of  the  stress  wave  from  the  front  to  the  back  surface 
of  the  target  was  317  nanoseconds  ( Vs  = 6300  m/sec,Kinsler  and  Frey,  1962) 
resulting  in  a time  separation  between  the  laser  (photodiode)  signal  and 
the  stress  signal.  In  all  experiments,  the  time  correlation  between  the 
initiation  of  laser  firing  and  the  onset  of  gage  recording  agreed  well 
with  the  propagation  time  of  the  stress  wave  through  the  aluminum  sample. 

Data  obtained  for  untreated  aluminum  samples  and  those  containing 
various  surface  coatings  are  compared  in  Figs.  3 and  4.  It  can  be 
observed  that  the  amplitude  of  the  stress  wave  can  be  substantially 
enhanced  when  coatings  are  included  on  the  surface.  The  maximum  enhance- 
ment of  stress  by  these  coatings  occurs  at  the  lower  laser  energies,  while 
at  higher  energies  the  effect  of  the  coatings  diminishes  and  the  stress- 
fluence  curves  appear  to  be  approaching  an  asymptotic  value,  suggesting 
a saturation  limit. 


An  examination  of  the  s tress-f luence  curves  for  uncoated  and 
Aquadag-coa ted  samples  reveals  that  the  peak  stress  is  enhanced  by  a 


factor  of  two  for  the  coated  samples  i 
Since  the  graphite  acts  as  an  absorbini 
energy  will  be  coupled  into  the  coated 
laser  calorimetry  experiments  that  the 
coefficients  for  graphite  and  aluminum 
this  case,  the  coupling  coefficient  is 
of  laser  energy  converted  into  thermal 


eradiated  at  lower  laser  f luences . 

; layer  , a greater  amount  of  laser 
targets.  Lowder  (1974)  found  in 
ratio  of  the  10.6  fjm  laser  coupling 
was  approximately  2 to  1 . In 
defined  as  the  fractional  amount 
energy  within  the  material.  Using 
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the  same  techniques  and  an  appropriate  correction  factor  for  the  equili- 
bration temperature  (Gilbert  and  Carson  1972)  we  found  a similar  ratio 
for  samples  irradiated  at  1.06  fjm . Comparing  these  results  with  the  stress- 
fluence  curves  of  Fig.  3,  it  can  be  seen  that  the  stress  enhancement 
factor  for  Aquadag  coated  samples  irradiated  in  the  lower  laser  fluence 
range  is  approximately  proportional  to  the  ratio  of  the  coupling 
coefficients  for  graphite  and  aluminum. 

In  the  higher  fluence  range,  the  effect  of  the  Aquadag  coating  is 
effectively  diminished.  Recent  experiments  by  Rudder  (1974)  on  aluminum 
and  graphite  targets  irradiated  by  a 1 (isec . 1.06  |Jm  laser  pulse  have 
shown  that,  at  levels  above  3 x 10®  W/cm^ , there  is  only  a negligible 
difference  between  the  impulse  delivered  to  the  two  targets,  while  there 
is  a somewhat  greater  momentum  transfer  to  the  graphite  at  levels  below 
1.5  x 10®  W cm  . Although  the  previous  experiments  cannot  be  directly 
compared  with  those  of  the  present  study  the  results  obtained  support 
the  concept  of  an  apparent"  material  independent  coupling  for  opaque 
materials  irradiated  at  higher  laser  energies.  This  can  be  ascribed  to 
the  formation  of  a dense  absorbing  plasma  at  high  laser  energies  that 
effectively  shields  the  surface  during  irradiation,  resulting  in  the 
observed  saturation  of  stress  at  higher  laser  fluences  . 

Referring  to  Fig.  3,  it  can  be  noted  that  increasing  the  drying  time 
of  silver  paint  coatings  decreases  the  magnitude  of  laser  induced  stress. 

To  investigate  the  influence  of  drying  time  on  the  magnitude  of  stress 
enhancement,  a glass  slide  was  coated  with  thin  films  of  silver  paint  and 
allowed  to  dry  for  variable  periods.  The  silver  paint  used  in  these 
experiments  is  composed  of  silver  colloids  suspended  in  a transparent 
butyl  acetate  solution.  Spectrophotometric  measurements  indicated  that 
the  silver  paint  layer  was  approxima  tely  40%  transmitting  at  1.06  fjm 
when  the  layer  was  dried  for  a period  of  5-10  minutes,  whereas  after  48 
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hours,  the  layer  was  completely  opaque  due  to  the  evaporation  of  all  of 
the  buLyl  acetate  binder.  Scanning  electron  micrographs  indicated  that 
the  remaining  silver  colloids  formed  a loosely  packed  continuous  layer 
on  the  surface  of  ihe  aluminum.  Quartz  gage  records  showed  that  the 
measured  stress  was  approximately  within  the  range  of  values  recorded 
for  uncoated  aluminum,  which  is  to  be  expected  since  the  coupling  coe- 
fficients of  the  silver  layer  and  aluminum  should  be  comparable. 

For  a curing  time  of  five  minutes,  the  induced  stress  was  increased 
relative  to  the  uncoated  sample  or  samples  with  a fully  cured  silver 
paint  layer  by  a factor  of  2-3  in  the  lower  fluence  range.  Fox  (1974) 
reported  on  the  enhancement  of  stress  in  irradiated  aluminum  targets 
coated  with  a black  paint  layer,  but  did  not  consider  the  influence  of 
volatile  binders  within  the  layer  on  stress  enhancement.  O'Keefe  and 
Skeen  (1972)  found  that  when  an  RTV  adhesive  layer  was  allowed  to  dry 
for  longer  periods  of  time,  the  stress  also  decreased.  These  results 
suggest  that  a portion  of  the  stress  is  generated  by  high  pressure  gas 
produced  by  the  partial  decomposition  of  the  volatile  transparent  binder, 
in  addition  to  the  effect  caused  by  trapping  of  the  high  temperature 
plasma  at  the  aluminum-coating  interface.  At  higher  laser  fluences  the 
degree  of  stress  enhancement  arising  from  the  partially  cured  silver 
paint  layer  is  reduced . It  appears  likely  that  at  high  energies  the 
coating  becomes  essentially  opaque  due  to  the  presence  of  a plasma  formed 
at  the  silver  colloids  and  vaporization  of  the  butyl  acetate  binder. 

The  most  notable  enhancement  in  laser-induced  stress  occured  for 
aluminum  samples  coated  with  a thin  transparent  liquid  cement  layer 
(Fig.  4).  For  a sample  subjected  to  11.75  ,joules/cm^  (4.7  x 108  W/cm^) 
the  maximum  stress  was  5.3  kbar.  For  untreated  aluminum  samples, 

tely  the  same  flux  level,  the  stress  was  0.88  kbar. 
he  stress  enhancement  factor  is  even  more  pronounced, 
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approaching  a value  of  ten  at  5 |oules/cm  . In  similar  experiments  on 
laser-irradiated  aluminum  targets,  O'Keefe  and  Skeen  (1972)  reported  a 
stress  of  0.47  kbar  for  uncoated  aluminum  and  a stress  of  7.9  kbar  for 

o 

| aluminum  coated  with  liquid  cement  at  a flux  of  91  , joules/cm  . Their 

data,  however,  suggest  that  a stress  saturation  value  is  reached  at 
much  lower  fluence  levels.  In  the  present  study  a stress  of  5.3  kbar 
was  measured  at  a flux  of  11.75  joules/cm^ , and  the  saturation  limit 
had  not  been  attained.  The  significant  variation  between  our  experiments 
and  those  reported  by  O'Keefe  and  Skeen  was  in  the  laser  focal  spot  size. 
In  all  the  current  experiments  the  spot  size  remained  constant  and  was 
approximately  4-5  times  larger  than  that  used  in  the  previous  study. 

Experiments  were  also  conducted  on  untreated  and  liquid  cement- 
coaled  samples  maintained  under  vacuum  conditions  and  exposed  to  air. 

Fox  (1974)  recently  reported  that  the  laser  induced  stress  was  reduced 
for  samples  irradiated  in  the  air,  but  did  not  present  comparative  data 
on  samples  maintained  under  both  exposure  conditions.  The  present  data 
indicates  that  at  fixed  laser  irradiation  levels  (2.4  x 10  W/cm * - 
3.2  x 10  W/cm*),  the  amplitude  of  the  induced  stress  was  approximately 

20-40  percent  higher  in  the  samples  exposed  under  vacuum  conditions 
than  in  those  exposed  to  air.  Stress  enhancement  on  coated  samples  was 
noted  under  both  exposure  conditions,  but  the  degree  of  enhancement  was 
reduced  for  samples  exposed  to  air. 

4 . Conclusions 

— 

The  results  of  these  experiments  have  demonstrated  that  the  amplitude 
ot  laser-induced  stresses  in  aluminum  targets  can  be  enhanced  by  including 
transparent,  translucent,  and  opaque  coatings  at  the  surface  of  the 
material.  The  magnitude  of  the  stress  enhancement  factor  for  targets 
containing  an  opaque  absorbing  layer  is  roughly  proportional  to  the  ratio 
ot  laser  coupling  coefficients  for  the  coating  and  substrate.  Significant 


sirt'.ss  enhancement  was  noted  when  a Iransparont  or  translucent  volatile 


plasma  confining  cnaliiin  was  included  on  the  target  surface.  In  comparative 
experiments  on  samples  maintained  under  a vacuum  and  exposed  to  air  it 
has  been  shown  that  the  magnitude  of  peak  stress  recorded  for  samples 
irradiated  in  air  is  significantly  smaller  than  that  obtained  for  vacuum- 
irradiated  samples. 

Previous  investigators  have  suggested  applications  of  the  enhance- 
ment of  peak  pressures  by  ttie  presence  of  thin-film  coatings.  O'Keefe 
and  Skeen  (1972)  reported  that  these  techniques  could  be  used  to  load 
c mplex  geometries  and,  in  fact,  used  the  technique  to  test  the  bond 
strength  of  electronic  components  Yang  (197-1)  investigated  the 
applicability  of  enhanced  stress  from  confined  thin  films  for  the 
detonation  of  insensitive  explosives. 

We,  however,  would  like  to  suggest  the  possibility  that  stress 
enhancement  by  the  application  of  selected  coatings  could  be  used 
advantageously  in  laser  fusion  studies.  In  these  experiments  fuel 
pellets  must  be  imploded  by  blow-off  momentum  transfer  to  reach  densities 
10^  to  10*  times  the  solid  state  density.  For  essentially  opaque  materials, 
like  LiD,  transparent  thin  film  coatings  could  be  applied  directly  to  the 
surface.  Other  targets,  like  DT , are  largely  transparent  in  the  1.06  - 
10.6  fim  range . However,  a number  of  laboratories  are  currently  investi- 
gating the  use  of  opaque  coatings  on  fuel  pellets  to  prevent  preheating 
ol  I he  renter  of  the  pellet  during  irradiation  (Holzrichter  1974). 
Consequently,  a second  transparent  layer  could  be  applied  to  achieve  stress 
enhancement.  Since  the  laser  energies  and  pulse  durations  used  differ 
markedly  from  laboratory  investigations  conducted  to  date  on  small  metallic- 
targets  , experiments  should  be  performed  to  determine  the  effects  ol  single- 
coatings  and  stacked  layers  in  typical  experimental  configurations  used 
in  laser  fusion  studies. 
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Fig.  1.  Schematic  of  experimental  configuration. 

Fig.  2.  Reproduction  of  a quartz  gage/osci lloscopo  stress- time  history 
record.  The  laser  energy  was  5 joules  and  the  active  irradiation  area, 

0.8  cin~  . The  sample  was  coated  with  silver  paint  and  cured  for  5 minutes. 
The  maximum  stress  was  0.89  kbar. 

Fig.  3.  Laser  induced  stresses  in  coated  and  uncoated  aluminum  samples 

as  a (unction  of  laser  energy  density.  In  all  experiments  the  active 

2 

laser  irradiation  area  was  0.8  cm  . 

Fig.  4.  Laser  induced  stresses  in  liquid  cement  coated  aluminum  samples 
as  a function  of  laser  energy  density.  The  active  laser  irradiation  area 
was  0.8  cm^. 
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INTRODUCTION 

Improvements  in  laser  technology  must  be  accompanied  by  con- 
comitant improvements  in  optical  materials.  The  presence  of  both 
macroscopic  and  microscopic  defects  contribute  significantly  to  the 
evolution  of  damage  in  optical  components.  It  is  well  known  that 
macroscopic  defects  such  as  scratches,  polishing  pits,  and  in- 
clusions at  the  surface  of  a material  will  tend  to  scatter  incident 
light  from  the  sample.  Absorption  and  local  heating  will  occur  at 
cavities  or  near  inclusions  of  varying  dielectric  constant,  often 
resulting  in  catastrophic  surface  breakdown  or  bulk  material  failure. 
The  presence  of  microscopic  defects  such  as  vacancies,  interstitials, 
or  impurities " in  a crystal  may  affect  the  absorption  of  light  by 
causing  a local  perturbation  of  the  lattice  spectrum.  Larger  defects 
such  as  dislocations,  voids,  inclusions,  and  grain  boundaries  often 
serve  as  scattering  centers  or  absorbers,  depending  upon  dimensions, 
charge  configuration,  the  wavelength  of  light,  and  the  relative  ab- 
sorption efficiencies.  Other  defects,  introduced  either  during  ma- 
terial growth  or  as  a result  of  exposure  to  ionizing  radiation  (e.g., 
electronic  traps,  color  centers,  impurity-vacancy  pairs)  can  sub- 
stantially affect  absorption  in  both  the  visible-UV  region  and  the 
infrared  region  of  the  spectrum. 


‘Presented  at  the  Fourth  Workshop  on  Laser  Interaction  and  Related 
Plasma  Phenomena  held  at  RPI , Irov,  New  York,  November  8-12,  1976. 
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If  laser-induced  nuclear  fusion  becomes  an  operational  reality, 
it  is  necessary  not  only  that  optical  materials  be  further  improved, 
but  also  that  the  transient  and  long-term  effects  of  ionizing  radi- 
ation on  optical  components  be  carefully  considered  since  the  working 
environment  will  include  x-rays,  gamma  rays,  neutrons,  and  high- 
energy  charged  particles.  This  paper  presents  the  results  of  a 
series  of  investigations  on  the  influence  of  microscopic  defects  on 
the  infrared  optical  properties  of  selected  semiconductor  high-power 
laser  window  materials  and  the  effects  of  ionizing  radiation  on  the 
visible-UV  and  infrared  absorption  of  alkali  halide  and  semiconductor 
laser  windows. 


EXPERIMENTAL 

Cadmium  telluride  samples  used  in  these  studies  were  obtained 
from  Hughes  Research  Laboratories,  II-VI  Corporation,  and  Tyco 
Laboratories.  The  samples  were  of  (111)  orientation  and  doped  with 
either  indium  or  chlorine  to  concentrations  ^ 1017  cm-3.  Chemical- 
vapor-deposited  ZnSe  samples  were  provided  by  the  Raytheon  Company. 
Single  crystal  and  polycrystalline  mixed  KC1  samples  were  obtained 
from  either  Harshaw  Chemical  Company  or  the  Honeywell  Corporation. 

The  mixed  KC1  samples  included  (1)  KC1  alloyed  with  5 mol%  RbCl  or 
KBr,  and  (2)  KC1  alloyed  with  0.05  to  1 mol%  EuCl2. 

Semiconductor  samples  were  prepared  for  transmission  electron 

microscope  (TEM)  examination  in  the  form  of  3-mm  diameter  disks  that 
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were  jet-thinned  from  the  back  surface  of  the  sample.  ’ Data  ob- 
tained from  TEM  analyses  were  then  correlated  with  gross  macrostructur- 
al  (a  1 Jin)  defects  observed  in  an  infrared  microscope. 

Conventional  laser  calorimetry  techniques3-3  were  used  to  de- 
termine the  infrared  absorption  coefficients  of  samples  of  volume 
2 1 cm3  and  a newly  developed  microcalorimeter3  used  for  measurements 
on  samples  of  volume  <0.5  cm3.  The  corresponding  error  in  the 
measurement  of  /9  at  10.6  Jin  determined  to  be  ± 1 x 10-3  cm"l.  In 
all  experiments,  we  used  a 50-W  Coherent  Radiation  (Model  42)  C02 
laser  focused  at  the  center  of  the  sample  face.  Separate  measure- 
ments of  infrared  absorption  in  the  2-Jin  to  15-Jin  regions  were  also 
made  with  a Perkin-Elmer  (Model  247)  spectrophotometer. 

In  separate  studies,  samples  were  irradiated  at  room  temperature 
with  1-MeV  electrons  at  a dose  rate  of  3.3  x 10°  R/sec.  A Hg  lamp 
and  a Bausch  and  Lomb  monochromator  were  used  for  simultaneous  il- 
lumination of  samples.  An  electromechanical  shutter,  switched  in 
sequence  with  the  electron  beam  shutter,  provided  control  of  il- 
lumination during  electron  irradiation. 
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After  each  irradiation,  the  infrared  laser  absorption  coef- 
ficients were  determined  for  all  samples  by  laser  calorimetry.  Ab- 
sorption spectra  from  alkali  halide  samples  were  monitored  in  the 
visible  and  near-infrared  regions  with  a Beckman  DK-2  spectrophoto- 
meter. Postirradiation  bleaching  experiments  were  also  conducted 
on  a number  of  samples  by  exposing  them  to  F-light  (0.55  JAn)  at 
levels  of  400  JAV/cm^  to  500  JAV/cm2  for  periods  from  1 to  600  s. 

MICROSCOPIC  DEFECTS  AND  INFRARED  ABSORPTION 
IN  SEMICONDUCTOR  WINDOWS 

Cadmium  telluride  and  zinc  selenide  have  been  proposed  as 
window  materials  in  high-power  infrared  laser  systems.  Both  ma- 
terials have  offered  some  promise  in  this  area  because  of  their  su- 
perior thermomechanical  properties  and  resistance  to  environmental 
influences.  However,  the  development  of  laterally  uniform,  large- 
surface-area  samples  exhibiting  spatially  invariant  infrared  ab- 
sorption coefficients  /3,  as  low  as  10"4  cm“l  in  the  10.  6-jL*n  range , 
has  often  posed  difficulties. 

6 7 

It  has  been  previously  shown  ’ for  a number  of  laser  window 
materials  that  the  exponential  changes  in  j3  as  a function  of  frequen- 
cy were  intrinsic  and  could  be  related  to  multiphonon  absorption 
processes.  Theoretical  analyses,  however,  show  that  only  a small 
portion  of  the  observed  10.6-Jin  absorption  in  CdTe  or  ZnSe  samples 
can  be  related  to  an  intrinsic  absorption  mechanism  and  that  native 
and  secondary  defects  are  inevitably  responsible  for  the  increased 

O 

infrared  absorption. 


CdTe  Defect  Analysis 

A summary  of  data  obtained  from  TEM  analyses  of  over  500  indium- 
and  chlorine-doped  CdTe  specimens  is  given  in  Table  1.  Representa- 
tive micrographs  illustrating  the  microstructure  are  shown  in  Figures 
1 and  2. 


Identification  of  precipitate  platelet  composition  was  es- 
tablished unequivocably  from  transmission  electron  diffraction  (TED) 
patterns.  In  complementary  experiments,  we  measured  the  Moire  fringe 
spacingsand  determined  the  lattice  plane  spacings  on  a large  number 
of  platelets;  the  resulting  values  consistently  agreed  with  values 
for  In2Te3  and  CdCl2,  thereby  providing  supplementary  data  to  the 
TED  identification. 
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Table  1 DEFECT  CONCENTRATIONS  IN  CdTe  SAMPLES 


f 

1 

f 

DENSITY 

SIZE 

COMMENTS 

■ 

ln2Te3 

PLATELETS 

1014  TO  10l6/cm3 

100  TO  125  A 

NO  SIG 

NIFICANT 

DECOMPO 

SITION 

AFTER 

ANNEALS 

> 500°C 

CdCI2 

PLATELETS 

> 1018/cm3 

150  A 

Te  PRECIP 
ITATES 

1014  TO  1016/cm3 

60  A 

DECOMPO 
SITION 
AFTER 
ANNEALS 
= 500°C 

I 

STACKING 

FAULTS 

> 107/cm2 

> 1pm  IN  LENGTH 

ALIGNED 
LOCALIZED 
IN  DISCRETE 
ZONES 

DISLOCA- 
TION LINES 

105  jo  108/cm2 

0.1  TO  5pm 

ISOLATED 
LINE  SEG 
MENTS  AND 
TANGLES 

} 

; 

r 

w * 

DISLOCA- 
TION LOOPS 

1000  TO  1500  A 

LOCALIZED 

OBSERVED 

AFTER 

ANNEALING 

* 

► ■ 

i.  . 

H 

L 

Polycrystalline  tellurium  rings  have  been  observed  in  many  of 
the  diffraction  patterns  obtained  from  doped  samples.  The  Te  pre- 
cipitates have  been  directly  observed  by  TEM  and  found  to  be  ~ 60  A 
in  diameter.  In  samples  annealed  in  Cd  vapors  at  temperatures  ^ 500°C, 
there  was  no  evidence  of  Te  precipitation  either  in  the  transmission 
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Transmission  electron  micrograph  showing  the  presence  of 
complex  dislocation  tangles  in  an  indium-doped  CdTe  sample 


electron  micrographs  or  diffraction  patterns.  Since  the  melting 
point  of  Te  is  < 500°C,  it  seems  likely  that  the  precipitates  have 
decomposed  and  Te  has  diffused  into  the  lattice. 


In  a number  of  samples  examined  by  infrared  microscopy,  small 
( 2 fJn  to  '1  pn)  absorption  sites  appeared  granular,  suggesting 


nonuniform  absorption  or  scattering  within  the  defect  site.  These 
sites  have  been  shown  to  be  associated  with  preferential  damage  or 
'burn-through"  regions  at  high-power  densities.  To  obtain  additional 
information  on  the  structure  of  these  macroscopic  absorption  sites, 
we  sectioned  samples  within  the  absorption  regions  and  subsequently 
prepared  them  for  TEM  analysis.  In  all  cases,  the  sites  were  shown 
to  be  associated  with  distinct  defect  aggregations,  namely  (1)  com- 
plex arrays  of  dislocation  lines  and  tangles,  (2)  aligned  stacking 
faults,  and  (3)  localized  regions  of  In2Te3  on  CdCl^  precipitate 
platelets. 

CdTe  Infrared  Absorption 

To  provide  correlation  between  the  observed  microstructural 
defects  and  infrared  transmission,  we  determined  the  absorption 
coefficient  at  10.6  fJm  from  laser  calorimetry  measurements.  It  has 
been  shown“~^  that  the  absorption  coefficient  /9  can  be  determined 
from  the  thermal  rise  and  decay  rates  of  laser  irradiated  targets. 

The  approximation  is  given  by: 


where  M is  the  mass  of  the  sample,  Cp  the  specific  heat  at  constant 
pressure,  L,  the  length  of  the  sample,  Pt  the  transmitted  power,  n, 
the  refractive  index,  and  dTrjse/dt/xi  dTdecay/dt/Ti . the  temper- 
ature rise  and  decay  rates,  respectively,  at  temperature  T^.  In 
this  formulation  it  is  assumed  that  0L  « 1 and  that  sample  losses 
resulting  from  radiation,  conduction,  and  convection  are  estimated 
from  the  thermal  decay  slope. 

In  Table  2 we  give  a brief  summary  of  absorption  coefficient 
data  obtained  on  representative  samples  correlated  with  microstructur- 
al defect  characterizations  determined  from  TEM  analysis.  In  all 
cases,  TEM  data  were  obtained  on  two  to  five  specimens  per  sample. 

From  the  data  presented,  it  can  be  seen  that  the  infrared  absorption 
coefficient  increases  as  a function  of  increasing  defect  density. 

The  presence  of  macroscopic  absorption  sites,  dislocation  tangles, 
tellurium  precipitates,  In2Te.}  and  CdCl2  platelets,  and  other  defects 
exercises  a considerable  influence  on  the  absorption  properties. 
Conversely,  samples  with  the  lowest  infrared  absorption  exhibit  the 
lowest  defect  concentrations  and  are  relatively  f-ree  of  macroscopic 
inclusions . 


H-8 


Table  2 DATA  SUMMARY  FOR  SAMPLES  CORRELATED  WITH  MICROSTRUCTURAL 
DEFECT  CHARACTERIZATIONS  DETERMINED  FROM  TEM  ANALYSIS 


SAMPLE 

|3  (cm*1) 

MICROSTRUCTURAL  CHARACTERIZATION 

1 

0.0092 

DISTRIBUTED  ln2Te3  PRECIPITATE  PLATELETS 
(3  X 1016/cm3);  LOCALIZED  TELLURIUM 
SEGREGATION  REGIONS 

2 

0.0124 

DISTRIBUTED  ln2Te3  PRECIPITATE  PLATELETS 
(7  X 1016/cm3);  TELLURIUM  PRECIPITATES 
(1016/cm3)  |N  LOCALIZED  DISCRETE  SITES 

3 

0.0290 

MACROSCOPIC  ABSORPTION  SITES  (1  TO  6 pm) 
COMPOSED  OF  COMPLEX  DISLOCATION 
NETWORKS;  ln2Te3  PLATELET  ENRICHMENT 
ZONES  (ABSORPTION  SITES),  DENSITY  > 
1017/cm3  WITHIN  SITES,  VACANCY  LOOPS 

4 

0.0012 

ln2Te3  PRECIPITATE  PLATELET  DENSITY  LOW 
( = 1 0'4 /cm3) ; EVIDENCE  OF  SLIGHT  TELLURIUM 
PRECIPITATION  PHASE;  DISLOCATION  DENSITY 
LOW 

5 

0.0160 

CdCI2  PRECIPITATE  PLATELETS  <1016/cm3);  HIGH 
DISLOCATION  LINE  DENSITY  (>  108  lines/cm3); 
STACKING  FAULTS  (LOCALIZED;  VACANCY 
LOOPS  (LOCALIZED) 

6 

0.0065 

DISTRIBUTED  ln2Te3  PRECIPITATE  PLATELETS 
(3  X 1015/cm3);  SOME  TELLURIUM  PRECIPITA 
TION;  ISOLATED  DISLOCATION  LINES 

7 

0.0009 

ln2Te3  PRECIPITATE  DENSITY  LOW  « 1014/cm3); 
LITTLE  OR  NO  EVIDENCE  OF  TELLURIUM 
PRECIPITATION;  NO  DETECTABLE  DISLOCATIONS 

ZnSe  Defect  Analysis  and  Infrared  Absorption 

f 

Similarly,  we  performed  TEM  analyses  of  chemical-vapor-deposited 
ZnSe  samples.  In  a number  of  samples,  distinct  visible  scatter  bands 
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could  be  observed,  and  annealing  the  samples  in  Zn  or  Se  vapors  did 
not  appreciably  reduce  either  the  concentration  or  apparent  size  of 
particles  within  these  scatter  regions.  To  determine  the  influence 
of  microdefects  in  ZnSe  on  the  effective  infrared  absorption,  we  used 
a microcalorimeter3  and  measured  £10.6  on  samples  of  cross  sectional 
area  ~ 0.09  cm3  and  length  s 4 cm.  The  results  obtained  on  a select 
number  of  ZnSe  samples  are  shown  in  Table  3.  The  data  indicate  that 
visibly  clear  ZnSe  samples,  displaying  no  apparent  scatter  sites  or 
turbidity  zones,  exhibit  an  absorption  coefficient  < 2 x 10-3  cm“l, 
in  agreement  with  results  obtained  by  others.  Samples  with  a high 
density  of  internal  defects  or  marked  turbidity  banding  exhibited  an 
effective  absorption  coefficient  in  the  range  2.6  x 10-3  to  4.3  x 10-3 
cm~l,  in  proportion  to  the  density  of  internal  scatter  sites.  TEM 
examination  of  sectioned  portions  of  these  samples  revealed  submicron- 
sized segregations  and  dislocation  nests  in  selected  regions  or  within 
visible  scatter  zones. 

Radiation-Induced  Changes  in  Infrared  Absorption 

An  abundance  of  literature  is  available  regarding  the  influence 
of  ionizing  radiation  on  the  properties  of  selected  optical  materials, 
but  reports  on  the  radiation-induced  changes  in  infrared  absorption 

have  been  limited.  In  the  past  five  years,  however,  a number  of 
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studies  have  shown  that  the  10.6-Jin  absorption  coefficient  can  be 
altered  significantly  upon  exposure  to  high-energy  electron  or  x ir- 
radiation. 

Table  3 MEASUREMENTS  OF  0 1Q>6  ON  SELECTED  ZnSe  SAMPLES 


SAMPLE 

01O.6<crrr1> 

COMMENTS 

(1)  ZnSe 

1.7  x 10'3 

(3106  also  measured  on  bulk  samples  by 

(2)  ZnSe 

1.9  x 10-3 

Raytheon  Co.  in  the  range  1-2  x 10‘3 
cm"';  density  of  apparent  scatter  sites  low. 

(3)  ZnSe 

2.6  x 10  3 

Density  of  visible  scatter  sites  moderate  to 

(4)  ZnSe 

3.1  x 10-3 

high;  submicron  segregations  of  Zn 

(5)  ZnSe 

4.3  x 10-3 

identified  by  TEM  and  TED. 

Undoped  and  Mixed  KC1  Samples 

Figure  3 shows  a typical  optical  absorption  spectra  obtained 
on  a mixed  KCl-RbCl  sample  illustrating  the  presence  of  F-  and  M- 
centers  after  a 4-s  irradiation  with  1-iyieV  electrons  at  a dose  rate 
of  3.3  x 105  R/sec.  Figures  4 to  6 show  the  F-  and  M-center  peak 
absorption  coefficients  as  a function  of  exposure  time  to  a 1-MeV 
electron  beam  at  a dose  rate  of  3.3  x 10^  R/s  for  polycrystalline 
KCl-KBr,  KCl-RbCl,  and  KCI-EUCI2  samples,  respectively.  Also  shown 
is  the  induced  change  in  the  10.6-jAi  absorption  coef f icients A/3^q  g 
( (£10  6)0  ~ 8 x 10-4  cm-*-)  as  a function  of  exposure  time.  A com- 
parison of  Figures  4 and  6 shows  that  the  behavior  of  the  F-center 
absorption  as  a function  of  dose  for  all  the  samples  is  qualitatively 
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Fig.  3 Absorption  spectra  of  a KCl-RbCl  sample  following  a 4-s 

electron  irradiation.  Both  the  irradiation  and  the  measure- 
ment were  performed  in  the  dark  at  25°C.  The  electron  energy 
was  1 MeV  and  the  dose  rate,  3.3  x 10^  R/S. 
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Fig.  4 fa,  fa,  and  A01O.6  as  a function  of  electron  exposure  time  at 
250C  in  KCl-KBr  samples.  The  scales  on  the  right  show  the 
absorption  constants  determined  at  the  peak  position  of  the 
F-band  (fa)  and  the  M-band  (fa[).  The  scale  on  the  left  shows 
the  change  in  the  10.6-/in  absorption  coefficient,  &fao  g = 
($10.6)f  “ (01O.6)o>  where  (jSio.6)f  represents  the  value  of 
the  10.6-/in  absorption  coefficient  after  irradiation  and 
(/SjQ  6)0,  the  value  for  the  unirradiated  sample. 


similar.  In  the  lower  dose  ranges,  the  absorption  increases  linearly, 
with  apparent  saturation  occurring  at  doses  > 3 x 10®  R.  Corr- 
espondingly, the  M-center  absorption  and  the  change  in  10.6-jlin  ab- 
sorption exhibit  a similar  dose  dependence.  In  agreement  with  previ- 
13-15 

ous  studies  , the  coloration  rate  for  F-  and  M-centers  in  the 

mixed  crystals  was  found  to  be  considerably  lower  than  that  for 
undoped  KC1. 

A comparison  was  made  of  calculateu  F-center  densities,  NF,  and 
the  induced  change  in  the  absorption  coefficient  at  10.6  fjm  as  a 
function  of  electron  dose.  The  comparison  did  not  show  that  there 
was  a correlation  between  Np  and  g.  Similar  results  have  been 

reported  by  Lipson  et  al.^®  from  studies  of  low-dose-rate  (2.8  x 10^ 
R/sec )y-irradiated  (undoped)  KC1. 

Figure  7 shows  the  change  in  A/J^q  g as  a function  of  increasing 
M-center  density.  These  data  indicate  that  the  induced  change  in 
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Fig.  5 /3p , , and  A/8-^q  g as  a function  of  electron  exposure  time 

at  25°C  in  KCl-RbCl  samples.  Scales  on  the  right  refer  to 
values  of  the  absorption  coefficients,  )3p  and  jfi^.  The  scale 
on  the  left  refers  to  the  change  in  the  10.6  at^orption 
coefficient,  6 
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Fig*  6 and  A^io.6  as  a function  of  electron  exposure  time 

at  25°C  in  KCI-EUCI2  samples.  Scales  on  the  right  refer  to 
values  of  the  absorption  coefficients  f3y  and  The  scale 

on  the  left  refers  to  the  change  in  the  10.6-/L*n  absorption 
coefficients,  A/S^g  g 
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Fig.  7 Change  in  the  10.6-IM  absorption  coefficient  A/S^q  6 as  a 

function  of  M-center  density  in  mixed  KC1  crystals.  a01O.6 
for  KCI-EUCI2  samples  is  referred  to  the  scale  at  the  right; 
A$io  g for  other  samples  is  referred  to  thescale  at  the  left. 
• KCl-KBr;  ■KCl-RbCl;  ▼KC1-EuC12 


10.6- ^tn  absorption  reaches  a saturation  limit  at  relatively  low 
M-center  densities.  The  KCl-EuCl,,  samples  exhibit  the  smallest  change 
in  10.6-/in  absorption,  approaching  a saturation  value  of  A/S^o.6 

9 x 10~4  cm~l  for  M-center  densities  > 1.5  x 10-*-®  cm”3.  in  all 
cases,  the  mixed  crystals  show  an  initial  rapid  change  in  10.6~!*ti 
absorption  as  a function  of  M-center  density,  followed  by  a region 
of  relative  saturation.  For  undoped  KC1  crystals,  the  change  in 

10.6- /Jn  absorption  exhibits  a linear  dependence  on  M-center  concen- 
tration over  the  same  density  range. 

The  results  suggest  that  the  increase  in  10.6-/in  absorption  can 
be  related  to  the  same  mechanism  causing  absorption  in  F-  or  F-aggre- 
gate  bands,  or  to  the  presence  of  Cl  interstitial  clusters  introduced 
by  the  irradiation.  In  addition,  it  was  considered  possible  that  F- 
or  F-aggregate  bands,  having  a Lorentzian  line  shape,  might  contribute 
to  the  10.6-/Jn  absorption.  The  presence  of  interstitial  clusters 
has  been  effectively  eliminated  as  a michanism  for  increasing  the 
infrared  absorption. 1®  Assuming  a Lorentzian  curve  of  the  form: 


1 


■ : 


I 


where  is  the  wavelength  at  the  peak  of  the  absorption  band,  cal- 
culations based  on  the  absorption  data  predict  a greater  absorption 
than  the  experimentally  determined  10.6-/Jn  absorption.  Furthermore, 
the  amplitudes  of  the  F-  and  M-center  absorption  bands  were  often 
comparable  and  should  exhibit,  according  to  the  previous  equation 
comparable  absorptions  at  10.6  fJm.  However,  this  is  not  in  agree- 
ment with  the  experimental  data.  Hence,  Lorentzian  band-shape  tailing 
of  absorption  peaks  from  F-  or  F-aggregate  centers  cannot  satisfacto- 
rily account  for  the  increased  infrared  absorption  in  KC1. 

To  test  this  hypothesis  and  to  obtain  further  information  on 
the  correlation  between  F-  and  F-aggregate  centers  and  the  increase 
in  the  10.6-jlAii  absorption  coefficient,  a number  of  the  electron-ir- 
adiated  samples  were  bleached  with  0.55-/Ai  light  at  nominal  levels 
of  500  /U  W per  cm^  for  periods  between  1 to  600  s.  Subsequently, 
the  10. 6-^4n  absorption  coefficient  was  measured  and  the  visible  and 
near-infrared  absorption  spectra  were  recorded.  In  all  cases,  R- 
and  N-centers  appeared  and  increased  in  concentration  during  the 
early  stages  of  bleaching.  Figures  8 and  9 illustrate  the  results 
obtained  for  a KCl-RbCl  sample.  Figure  8 shows  that  the  F-center 
absorption  decreases  continuously  as  a function  of  bleach  time,  while 
the  M-center  absorption  increases  rapidly,  but  decreases  after  a 30-s 
bleach  time.  In  like  manner,  the  R2~center  absorption  increases, 
eventually  decreasing  for  bleach  times  exceeding  120  s.  Measurements 
obtained  on  all  samples  indicated  a continual  decrease  in  F-  and 
F-aggregate  center  absorption  for  exposure  times  between  140  and  600  s. 
In  Figure  9,  the  10.6  fJm  absorption  increases  for  bleach  times  < 120  s, 
but  decreases  thereafter. 

A comparison  of  the  data  in  Figures  8 and  9 indicates  that  the 
increase  in  the  10.6-^in  absorption  shows  no  positive  correlation  with 
the  presence  of  F-centers,  since  the  F-center  absorption  coefficient 
is  decreasing.  In  contrast,  the  F-aggregate  center  absorptions  are 
increasing  when  the  infrared  absorption  is  increasing.  Changes  in 
the  M-center  absorption  coefficient  cannot  alone  explain  the  large 
increase  in  A/3^0  g observed  in  Figure  9 since  it  has  been  shown  that 
relative  changes  in  M-center  absorption  of  the  magnitude  observed  in 
the  bleached  samples  are  correlated  with  only  small  changes  in  A@io  q, 
while  the  increase  and  decrease  of  the  R2~center  absorption  coef- 
ficient show  a direct  correlation  with  the  behavior  of  the  10.6-fim 
absorption.  In  particular,  the  R2~center  increases  in  concentration 
for  times  < 140  s,  but  decreases  for  longer  F-light  exposures.  In 
all  cases,  for  samples  subjected  to  extremely  long  periods  of 
bleaching,  the  eventual  removal  of  F-aggregate  centers  is  correlated 
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Fig.  8 0p,  and  &2,  as  a function  of  bleach  time  for  an  electron- 

irradiated  KCl-RbCl  sample.  After  electron  irradiation,  the 
sample  was  exposed  to  0. 55-Jin  light  for  variable  periods. 

All  measurements  were  obtained  at  25°C.  Values  of  ^ and 
ftp  are  referred  to  the  scale  at  the  left  and  fip,  to  the 
scale  at  the  right.  ^Pr2’  ®^F 


Fig.  9 Change  in  A/S^q  g as  a function  of  bleach  time  for  an  electron- 
irradiated  KCl-RbCl  sample 


with  a recovery  o£  the  10. 6-fin  absorption  coefficient  to  its  approx- 
imate preirradiation  value. 

Additional  experiments  were  conducted  on  single-crystal  (undoped) 
KCL  samples  exposed  to  simultaneous  electron  and  F-band  irradiation. 
Figure  10  shows  the  F-  and  M-center  absorption  coefficients  as  a 
function  of  electron  irradiation  time  for  samples  irradiated  in  the 
dark  and  in  the  presence  of  F-band  illumination.  The  induced  changes 
in  the  10. 6-fin  absorption  coefficient  AfS^Q  6 ((^q  6^0  - 4 x 10”4  cm-1) 
under  the  two  exposure  conditions  is  also  shown  for  comparison.  The 
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Fig.  10  y3j.  , and  A01O.6  as  a function  of  electron  exposure  time 

at  25°C  for  single-crystal  KC1  samples  irradiated  in  the 
dark  and  in  the  presence  of  F-band  illumination.  The  scales 
on  the  right  refer  to  the  value  of  the  absorption  constants 
determined  at  the  peak  position  of  the  F-band  (/Sp)  and  M-band 
(fS^).  The  scale  on  the  left  shows  the  change  in  the  10.6-fin 
absorption  coefficient  Af3io,6  = (ft.0.6^f  ” ^10.6)Q.  where 
(/3io  g)f  represents  the  value  of  the  absorption  coefficient 
after  irradiation  and  (f9^0  q)q  the  value  for  the  uniradiated 
sample.  ■ A^10  6 for  samples  illuminated  with  F-light  during 
irradiat  ion ; A \/3^g  g for  sample  irradiated  in  dark;  fSp 

for  sample  illuminated  with  F-light  during  electron  irradi- 
ation;   /8^  for  samples  illuminated  with  F-light  during 

electron  irradiation;  unbroken  lines  represent  corresponding 
values  of  /Sj.  and  (3^  for  samples  irradiated  in  the  dark 
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data  indicate  that  the  F-center  absorption  coefficient  exhibits  es- 
sentially the  same  qualitative  dose  dependence  for  samples  irradiated 
either  in  the  dark  or  in  the  presence  of  F-illumination.  However, 
in  all  cases,  there  was  a slight  reduction  in  /Jp  for  samples  irradi- 
ated simultaneously  with  F-light.  In  contrast,  we  observe  that  the 
M-center  absorption  coefficient  as  a function  of  dose  is  consistently 
higher  for  the  illuminated  samples  than  for  those  irradiated  in  the 
dark.  Apparent  saturation  was  observed®  for  KC1  samples  irradiated 
in  the  dark  with  electrons  to  dose  levels  > 10  R.  In  all  cases, 

A^q  6 was  always  larger  for  samples  exposed  to  F-light  during  e- 
lectron  irradiation  than  those  irradiated  in  the  dark. 

Figure  11  shows  the  change  in  A/3-^q  g as  a function  of  M-center 
density  for  samples  exposed  to  electron  irradiation  in  the  dark  and 
in  the  presence  of  F-illumination.  The  results  indicate  that  under 
both  exposure  conditions,  the  change  in  10.6-/L»n  absorption  increases 
linearly  as  a function  of  M-center  concentration,  for  doses  < 107R. 

In  contrast,  data  from  the  previous  experiments  on  KC1  samples  show 
a saturation  in  j3jo.6  for  comparable  F-center  concentrations  at  doses 
> 10®R.  Comparison  of  the  data  in  Figures  10  and  11  shows  that  the 
net  effect  of  simultaneous  electron  irradiation  and  F-illumination  is 


Fig.  11  A01O6  as  a function  of  M-center  density  in  single-crystal 

KC1  samples.  ▲ samples  irradiated  in  the  dark;  ^samples 
illuminated  with  F-light  during  electron  irradiation 
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to  increase  the  concentration  of  M-centers  relative  to  that  observed 
for  samples  irradiated  in  the  dark  to  similar  dose  levels.  The 
increase  in  M-center  concentration  can  subsequently  be  related  to 
changes  in  A/S^g  g.  Since  the  optical  absorption  spectra  of  all 
samples  after  irradiation  indicated  an  apparent  absence  or  relatively 
small  concentration  of  N-  and  R-centers,  it  can  be  assumed  that  the 
observed  changes  in  A/$io.6  at  doses  < 107R  are  strongly  correlated 
with  the  presence  of  M-centers  and  that  contributions  to  A/3io.6  by 
other  F-aggregate  centers  are  small  by  comparison. 

Samples  electron  irradiated  under  both  exposure  conditions  were 
subsequently  illuminated  with  F-band  light  for  periods  up  to  600  s 
to  obtain  additional  information  on  the  correlation  between  A/S^q  g 
and  F-aggregate  center  concentrations.  Changes  in  /3p , and 

A^o  g were  measured  as  a function  of  bleach  time,  and  the  results 
are  shown  in  Figures  12  to  14.  In  Figures  12  and  13,  fip  continuously 
decreases  as  a function  of  bleach  time,  whereas  ^ and  show  a 

corresponding  increase  followed  by  a continual  decrease  for  bleach 
times  up  to  600  s.  For  both  samples,  the  concentration  of  M-centers 
increases  rapidly  as  a function  of  time,  reaching  a maximum  at  bleach 
times  between  25  and  30  s and  decreasing  thereafter.  In  Figure  14 
the  change  in  A/3^q  g correspondingly  exhibits  a maximum  in  the  same 
time  period  and  continually  decreases  for  bleach  times  >30  s. 

Comparing  the  data  shown  in  Figures  12  and  13  with  those  of 
Figure  14,  we  observe  that  the  behavior  of  the  A/S^q  g curves  can  be 
directly  correlated  with  changes  in  M-center  concentration.  However, 
the  presence  of  increasing  concentrations  of  R-  and  N-centers  at 
bleach  times  >30  s and  the  extended  tails  of  the  Aj^g  6 bleach  curves 
in  Figure  14  indicate  that  the  presence  of  F-aggregate  centers  other 
than  the  M-center  also  contributes  to  the  change  in  A/3^g  6,  but  to 
a lesser  extent. 


Polycrystalline  ZnSe  Samples 

In  undoped  ZnSe  and  ZnSe:Al  crystals,  a broad-band  (2000  to 
500  cm-'*’)  infrared  absorption  has  been  previously  reported^7  at  77°K 
under  xenon  lamp  excitation.  The  photoinduced  absorption  was  ascribed 
to  electronic  transitions  from  neutral  donor  states  of  impurities 
or  selenium  vacancies  to  the  conduction  band.  The  characteristics 
of  the  infrared  absorption  band  can  be  altered  markedly  upon  exposure 
to  ionizing  radiation  at  77°K.  To  our  knowledge  there  have  been  no 
systematic  studies  of  the  radiation-induced  change  in  the  10. 6-Jin 
absorption  on  currently  available  ZnSe  samples  exposed  to  high-energy 
electron  irradiation  at  room  temperature. 
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Fig.  12  fr,  and  /9r2  as  a function  of  bleach  time  for  an  electron- 

irradiated  KC1  sample.  The  sample  was  subjected  to  simul- 
taneous electron  beam  irradiation  and  F-band  illumination 
for  a period  of  4 s and  subsequently  bleached  with  0.55-Jin 
light  for  variable  periods.  All  measurements  were  obtained 
at  25°C.  Values  of  and  are  referred  to  the  scales 

at  the  right  and  of  /SL  to  the  scale  at  the  left.  ▲ &.; 

■&2;»0f 


We  have  irradiated  ZnSe  samples  in  the  dark  and  in  the  presence 
of  Hg-lamp  illumination  with  1-MeV  electrons  at  a dose  rate  of 
3.3  x 10^R/s.  Samples  were  characterized  before  irradiation  using 
TEM  analysis  as  discussed  in  the  previous  section. 

Figure  15  shows  the  change  in  the  10.6-/ln  absorption  coefficient 
as  a function  of  exposure  time.  The  results  obtained  in  these  ex- 
periments showed  that  essentially  the  same  change  in  A/3^q  g was 
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Fig.  13  0p,  and  fa  as  a function  of  bleach  time  for  an  electron- 

irradiated  KC1  sample.  The  sample  was  subjected  to  electron 
beam  irradiation  in  the  dark  for  a period  of  2 s and  subse- 
quently bleached  with  0, 55-Jin  light  for  variable  periods. 

All  measurements  were  obtained  at  25°C.  Values  of  fa  and 
fa2  are  referred  to  the  scales  at  the  right  and  of  fa  to 
the  scale  at  the  left.  *fa‘>  mfa^’^fa 

observed,  independent  of  whether  or  not  the  sample  was  illuminated 
during  electron  irradiation.  All  samples  exhibited  a relative  satu- 
ration in  A/S^q  g at  doses  >12  MR.  In  extended  irradiations  to  50  MR, 
there  was  no  significant  variation  from  the  saturation  value  of 
A01O.6- 

Of  particular  interest  was  the  observation  that  samples  contain- 
ing the  highest  concentration  of  growth  defects  (Zn  precipitates, 
dislocation  lines,  and  tangles)  consistently  exhibited  the  largest 
change  in  effective  infrared  absorption  after  irradiation.  In  the 
previous  section,  we  presented  data  showing  that  the  presence  of 
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Fig.  14  Change  in  A/S^g  g as  a function  of  bleach  time.  A/3^q  g 
represents  the  difference  between  /3iq.6  measured  before 
irradiation  and  &ioq  a*ter  irradiation  and  bleach. 

±A/3;lo.6  for  samPle  in  Fig*  12;  BA&o.e  for  sample  in 
Fig.  13 

defects  and  collected  scattering  centers  could  be  correlated  with 
changes  in  /3Q  at  10.6  /in.  The  radiation-induced  change  in  A/S^q  g 
is  also  thought  to  be  related  to  the  retention  of  residual  damage 
introduced  during  electron  bombardment.  The  growth  defects  present 
in  the  ZnSe  samples  are  known  to  act  as  capture  sites  for  defects 
and  will  result  in  a slightly  larger  shift  in  A/S^o  6 as  observed 
in  Figure  1.  Annealing  the  samples  in  a vacuum  at  temperatures  of 
tw  900°C  for  12  hr  does  appear  to  result  in  some  slight  recovery  of 
$10. 6>  but  long  extended  anneals  would  be  required  to  reduce  the 
10.6-/in  absorption  to  its  approximate  preirradiation  value. 

From  the  data  obtained,  it  is  apparent  that  high-energy  electron 
irradiation  at  room  temperature  produces  a small  but  perceptible 
shift  in  the  infrared  absorption  at  10.6  /In.  However,  the  largest 
changes  in  absorption  should  occur  during  and  immediately  after  high- 
dose-rate  pulsed  electron  or  x irradiation,  and  additional  experiments 
are  required  to  identify  the  transient  infrared  response  of  ZnSe . 


H-22 


► 

r 


, 

I 

r 

i 

> 

* 

i 

V 

it 

* 


» 

t 


DOSE  (106R) 

0 3 6 9 12  15 


Fig.  15  Change  in  A/S^q  g as  a function  of  electron  exposure  time 
at  25°C  for  polycrystalline  CVD-ZnSe  samples  containing 
variable  densities  of  Zn  precipitates  and  initial  growth 
defects 

CONCLUSIONS 

We  have  studied  materials  phenomena  in  materials  of  interest 
to  the  high-power  laser  community.  Our  study  included  a determin- 
ation of  the  relationship  between  microstructural  defects  and  the 
optical  properties  of  compound  semiconductor  materials  used  for 
laser  window  and  a study  of  the  effect  of  high-energy  electrons 
on  the  optical  properties  of  semiconductor  and  alkali  halide  laser 
windows . 

Infrared  microscopic  examination  of  CdTe  and  ZnSe  samples 
revealed  the  presence  of  localized  absorption  sites  that  have  been 


H-23 


t 


shown  to  function  as  preferential  damage  regions  under  high-power 
laser  illumination.  Detailed  microstructural  examinations  showed 
that  these  absorption  sites  were  associated  with  distinct  defect 
aggregations  (complex  arrays  of  dislocation  lines,  aligned  stacking 
faults,  and  precipitates  of  compounds  involving  the  compensating 
impurity) . 

Our  study  of  radiation-induced  effects  revealed  that  for  some 
optical  materials,  irradiations  with  ionizing  radiation  will  cause 
substantial  increases  in  the  infrared  absorption  in  important 
spectral  bands.  Our  study  included  mixed  crystal  KC1  (i.e.,  KCl-KBr, 
KCl-RbCl,  and  KCl-EuClg)  as  well  as  undoped  single  crystal  KC1,  We 
found  that  the  optical  properties  of  the  mixed  crystals  were  consid- 
erably less  sensitive  to  the  ionizing  radiation  than  the  undoped 
samples.  It  was  determined  that  the  principal  cause  of  the  degra- 
dation of  the  optical  properties  was  the  formation  of  F-aggregate 
centers,  principally  M centers. 

The  ZnSe  windows,  irradiated  at  room  temperature,  also  were 
degraded  by  exposure  to  ionizing  radiation,  but  to  a lesser  degree 
than  the  alkali  halide  windows.  In  addition,  we  found  that  the 
samples  with  the  highest  defect  concentrations  exhibited  the  largest 
radiation-induced  infrared  absorption.  It  also  should  be  realized 
that  if  a particular  application  results  in  the  semiconductor  windows 
being  cooled  during  irradiation,  the  radiation-induced  optical  degra- 
dation would  be  expected  to  be  much  greater. 

It  would  be  of  interest  to  determine  the  bleaching  behavior  of 
the  center  as  a function  of  illumination  intensity.  If  non-linear 
bleaching  is  observed,  radiation  damaged  alkali  halides  may  be 
suitable  for  use  as  saturable  absorbers. 
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